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This thesis describes the development and benchmarking of photodissociation action 
spectroscopy instrumentation bringing together a commercial linear ion trap mass 
spectrometer and multiple pulsed laser systems. The focus of the thesis is then 
a study of the spectroscopy and photochemistry of gas-phase protonated pyridine 
derivatives using this instrumentation.
The protonated pyridine cation is explored in detail. The vibronically-structured 
Si — S o e l e c t ronic transition is recorded in the ultraviolet photon energy region 37 
000 - 45 000 cm-1 (270 - 220 nm) by monitoring the charged H2-loss photoproduct. 
Many of the finer details in the photodissociation action spectrum can be assigned 
as progressions in in-plane ring-deformation normal modes. However, the spacing 
between some features is too small to be allowed by conventional vibronic coupling 
scenarios. Analysis of the spectrum is supported by multiple quantum chemical 
methods and a vibronic coupling model involving a significantly ring-buckled geom­
etry for the excited state minimum is developed and used to explain the experimental 
results. This study reveals new details about the structure and behaviour of the ex­
cited state -  the S1 excited state is non-planar -  providing the first spectroscopic 
evidence for excited-state deformations that have long been predicted to occur. The 
identity of the H2-loss photoproduct is also verified as exclusively the 2-pyridinylium 
ion using structurally-diagnostic ion/molecule reaction kinetics.
The ultraviolet photodissociation action spectroscopy and photochemistry is 
also reported for N-alkylated pyridine cations, protonated diazine (diazabenzene) 
cations and protonated quinoline cations. The electronic spectra of the N-alkylated 
species are similar, albeit less detailed, to that of protonated pyridine. The N- 
methylpyridinium cation is confirmed to photodissociate in the UV through the loss 
of methane (CH4) to exclusively form the 2-pyridinylium cation. The longer chain 
N-ethyl- and N-octylpyridinium cations fragment through the loss of an alkene 
(ethene and octene, respectively) to yield protonated pyridine. The identity of this 
photoproduct is confirmed, in the N-ethyl- case, by acquiring its action spectrum 
and comparing it to that recorded for protonated pyridine. The protonated diazines 
photodissociate in the ultraviolet through HCN loss and all observe a single, broad 
S1 — S 0 el e ct ronic band across the 35 000 - 45 000 cm-1 (300 - 220 nm) region. The
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protonated quinolines exhibit rich, wavelength-dependent multiphoton photodisso­
ciation across two electronic bands in the ultraviolet. One occurring between 370 
- 285 nm, resulting from the Si —- So and S2 —- So transitions and leading to the 
formation of HCN- and H2-loss products as well as the phenylium cation (C6H+). 
The other spans 250 - 220 nm, is attributed to the S3 —- S 0 t ransition and results 
in the formation of the phenylium cation as well as minor products assigned to the 
losses of H2, C2H4 and [H2+HCN]. In each case, the electronic spectrum (often with 
vibronic detail) and the formation of products is analysed. The thesis concludes by 
synthesising a more holistic understanding of the photophysics and photochemistry 
of these molecular ions and how the ultraviolet spectroscopy and photodissociation 
pathways are influenced by structural changes.
Acknowledgments
The work presented in this thesis, as well as preparing the thesis itself, would not 
have been possible without the dedication and support of many others.
First and foremost I thank my supervisor Adam Trevitt. Adam gave me the 
opportunity to do the kind of science that I like to do, and allowed me to explore 
what I found interesting. During the entirety of my candidature I enjoyed a great 
deal of independence and trust with the perfect balance of guidance and advice. 
Adam has taught me how good science is done and will continue to be my mentor 
for years to come. I’ve been given the opportunity to perform world-class research 
and to present my work around the world and in leading journals. Thank you Adam.
I’d also like to thank my associate supervisor Stephen Blanksby. Many of the 
successes of my doctoral work are the product of insightful conversations with Steve, 
who always knew where to point me in understanding my ion chemistry and how 
to devise the ’’killer experiment” . My colleague Berwyck Poad was also like a de 
facto supervisor throughout my PhD, yet treated me as a peer and made me feel 
important. I thank Bez for all his advice over the years and for giving me the 
opportunity to collaborate on some really enjoyable projects.
I have been so lucky these last few years to work with some of the best human 
beings I’ve ever encountered, and to have made lifelong friendships. Thank you so 
much Bart, Phil, James and Jacob. You’ve always helped me in and out of the lab 
and we’ve shared plenty of good times and gotten each other through the bad times.
I thank the rest of my colleagues at the University of Wollongong that have 
helped me throughout my candidature. There are too many to name. Thanks espe­
cially to all Laser Chemistry Laboratory members (past and present), David Mar­
shall, Benjamin Kirk, Alan Maccarone, David Harman and Alex Martin. Thank 
you Berwyck Poad, Alan Maccarone and Bartholomew Vaughn for your help proof­
reading this thesis.
I’ve enjoyed successful and rewarding collaborations with Jeffrey Reimers (Uni­
versity of Sydney) and Evan Bieske (University of Melbourne), who both taught 
me a lot of what I know today. I’m also grateful for many enjoyable academic and 
social interactions with members of Evan’s group at Melbourne, particularly with 
Viktoras Dryza, Katherine Catani and Neville Coughlan.
v
vi
I’ve been fortunate to have a very supportive and encouraging family. Thank 
you Mum, Dad, David and Alysha. The final and biggest thanks of all goes to 
my best friend and partner in life, Ankita Raiyani. Nothing I say here can be 
adequate. Anki’s love, support, encouragement, patience and understanding have 
been boundless. I owe her everything.
Publications
The work presented in chapters 2 , 3 , 4  and 6 of this thesis resulted in the following 
publications:
U V  Photodissociation Action Spectroscopy of Haloanilinium Ions in a 
Linear Quadrupole Ion Trap Mass Spectrometer
C. S. Hansen, B. B. Kirk, S. J. Blanksby, R. A. J. O ’Hair and A. J. Trevitt, J. Am. 
Soc. Mass Spectrom., 24 , 932 (2013)
Ultraviolet photodissociation action spectroscopy of the N-pyridinium 
cation
C. S. Hansen, S. J. Blanksby, N. Chalyavi, E. J. Bieske, J. R. Reimers, A. J. 
Trevitt, J. Chem. Phys., 142, 014301 (2015)
Ultraviolet Photodissociation of the N-methylpyridinium Ion: Action 
Spectroscopy and Product Characterization
C. S. Hansen, B.B. Kirk, S. J. Blanksby and A. J. Trevitt, J. Phys. Chem. A, 117, 
10839 (2013)
Ultraviolet photodissociation action spectroscopy of gas-phase proto- 
nated quinoline and isoquinoline cations
C. S. Hansen, S. J. Blanksby and A. J. Trevitt, Phys. Chem. Chem. Phys., 
accepted invited article. DOI:10.1039/C5CP02035B (2015)
The work presented in chapter 5 is also being prepared for publication.
The following publications also resulted from work conducted during the PhD can­
didature.
Direct Observation of Photodissociation Products from Phenylperoxyl 
Radicals Isolated in the Gas Phase
A. T. Maccarone, B. B. Kirk, C. S. Hansen, T. M. Griffiths, S. Olsen, A. J. Trevitt, 
S. J. Blanksby, J. Am. Chem. Soc., 135, 9010 (2013)
Photodissociation of TEMPO-Modified Peptides: New Approaches to 
Radical-Directed Dissociation of Biomolecules
D. L. Marshall, C. S. Hansen, A. J. Trevitt, H. B. Oh, S. J. Blanksby, Phys. Chem. 





1.1 The pyridineH+ chemical u n i t ................................................................... 1
1.2 Electronic spectroscopy of pyridineH+   3
1.3 Effect of out-of-plane distortions on vibronic spectra............................. 8
1.4 Out-of-plane motion in excited state deactivation ................................ 11
1.5 Photodissociation of pyridinium cations ................................................ 16
1.6 Electronic photodissociation action spectroscopy ................................ 18
1.7 Instrumentation............................................................................................  23
1.7.1 Quadrupole ion tra p s ......................................................................  23
1.7.2 Thermo Scientific LTQ mass spectrom eter................................ 27
1.7.3 Optical parametric oscillator ......................................................  30
1.8 Summary and thesis overv iew ................................................................... 33
1.9 References for Chapter 1 ............................................................................  36
2 Instrumentation and Initial Experiments 50
2.1 Overview.........................................................................................................  51
2.2 Instruments................................................................................................... 51
2.3 Commercial mass spectrometer modified for photolysis experiments . 52
2.3.1 Optical access to the ion t r a p ......................................................  53
2.3.2 Triggering an external device ......................................................  53
2.4 Photodissociation action spectroscopy ...................................................  53
2.4.1 Overview .........................................................................................  53
2.4.2 Optical coupling of photon sources ............................................. 54
2.4.3 Temporal synchronisation............................................................  57
2.4.4 Data an a lysis ................................................................................... 59
2.4.5 Automation and control so ftw a re ................................................ 62
2.4.6 Validation and benchm arking......................................................  64
2.5 Ion-molecule reactions ................................................................................ 72
2.5.1 Overview .......................................................................................... 72
viii
2.5.2 Modifications for ion-molecule reactions.......................................  72
2.6 Generation of gas-phase nitrogen heterocyclic aromatic ions .................73
2.6.1 Electrospray ionisation................................................................... 73
2.6.2 Synthetic chemistry ......................................................................  74
2.6.3 Chem icals.........................................................................................  74
2.7 Conclusion...................................................................................................... 75
2.8 References for Chapter 2 ............................................................................  77
3 PyridineH+ 81
3.1 A bstract.........................................................................................................  82
3.2 Introduction................................................................................................... 82
3.3 Experimental m e th o d s ................................................................................ 84
3.3.1 Ion trap photodissociation action spectroscopy............................. 85
3.3.2 Resonance-enhanced photodissociation spectroscopy....................85
3.4 Computational m e th o d s ............................................................................  86
3.4.1 Franck-Condon analysis using Cartesian coordinates and
CASSCF electronic-structures......................................................  86
3.4.2 Franck-Condon analysis using internal coordinates and TD-
DFT electronic-structures............................................................  86
3.4.3 Energy Calculations ......................................................................  87
3.5 Results and Discussion................................................................................ 87
3.5.1 Photodissociation mass spectrometry and action spectroscopy
(Wollongong experiment)................................................................ 87
3.5.2 Resonance-enhanced photodissociation of pyridinium-N2 ions
(Melbourne experim ent)................................................................ 92
3.5.3 Spectrum analysis............................................................................  92




3.8.1 Si progression in u1  104
3.8.2 PD Action Spectrum of N-pyridinium-d5  104
3.8.3 Structurally-diagnostic ion-molecule reaction k in e tics ...............105
3.8.4 Comparison with a narrow-linewidth photon so u rce .................. 107
3.8.5 CASSCF(6,6)/aug-cc-pVDZ geometries and important nor­
mal modes ........................................................................................ 109
3.8.6 TD-DFT CAM-B3LYP/aug-cc-pVDZ geometries and normal
m o d e s ..................................................................................................111
3.8.7 S1 planar!prefulvenic interpolated reaction coordinate . . . 115
Contents ix
Contents x
3.8.8 Si planar!prefulvenic displacement length scale ..................... 116
3.8.9 S1/S 0 Duschinsky matrix ...............................................................116
3.8.10 Quartic potential energy functions ...............................................117
3.8.11 Low energy spectral features ........................................................ 120
3.8.12 d5 potential energy scheme ............................................................121
3.9 References for Chapter 3 ................................................................................122
4 PyridineR+ 129
4.1 The N-methylpyridinium cation ................................................................ 129
4.1.1 A bstract...............................................................................................130
4.1.2 Introduction........................................................................................ 130
4.1.3 Experimental M eth od s..................................................................... 131
4.1.4 Computational M eth od s ..................................................................132
4.1.5 Results and Discussion ..................................................................133
4.1.6 Conclusion........................................................................................... 145
4.1.7 Acknowledgements........................................................................... 146
4.2 The N-ethyl- and N-octylpyridinium cations ........................................ 146
4.2.1 Experim ental..................................................................................... 146
4.2.2 Results and Discussion..................................................................... 147
4.2.3 Conclusion........................................................................................... 150
4.2.4 Acknolwedgements........................................................................... 150
4.3 Supporting Information ............................................................................. 151
4.4 References for Chapter 4 ...............................................................................153
5 PyrimidineH+ , PyrazineH+ and PyridazineH+ . 158
5.1 A bstract........................................................................................................... 158
5.2 Introduction.....................................................................................................158
5.3 Experimental M eth od s ..................................................................................160
5.4 Computational M e th o d s ...............................................................................161
5.5 Results and Discussion..................................................................................161
5.5.1 Ultraviolet photodissociation action sp ectroscop y ..................... 161
5.5.2 Spectral analysis ...............................................................................163
5.5.3 Energetics of HCN and H2 L o s s ..................................................... 166
5.6 Conclusion........................................................................................................ 171
5.7 Supporting Information..................................................................................173
5.7.1 PyridazineH+ photodissociation power dependence .................. 173
5.7.2 Determination of frequency scaling factor .................................. 174
5.7.3 Simulated pyrimidineH+ FC absorption spectrum convolved
with Gaussian p e a k s ........................................................................ 174
5.8 References for Chapter 5 ...............................................................................175
Contents xi
6 QuinolineH+ and IsoquinolineH+ 180
6.1 A bstract........................................................................................................... 181
6.2 Introduction.....................................................................................................181
6.3 M ethods........................................................................................................... 182
6.3.1 Experim ental..................................................................................... 182
6.3.2 C om putational..................................................................................184
6.4 Results and Discussion..................................................................................184
6.4.1 Photodissociation Action Spectroscopy........................................ 184
6.4.2 Spectral A nalysis...............................................................................188
6.4.3 Discussion of the Electronic States ...............................................193




6.7.1 m /z 77 structural elucidation mass spectra ...............................199
6.7.2 isoquinolineH+ molecular orb ita ls ..................................................200
6.7.3 Cartesian coordinates and normal modes ..................................201
6.8 References for Chapter 6 ................................................................................214
7 Conclusion 219
A Chapter 2 Original Publication 228
B Chapter 3 Original Publication 247
C Chapter 4 Original Publication 259
D  Chapter 6 Original Publication 268
List of Figures
1.1 Solution-phase (acetonitrile) ultraviolet absorption spectra of neutral 
pyridine and protonated pyridine, generated from the data in [67].
The approximate location and diabatic state labels for the three low­
est energy, neutral pyridine singlet excited states are shown.................  3
1.2 Photodissociation action spectrum, monitoring the H2-loss channel of
the protonated pyridine cation (lines with circles) imposed upon the 
vapor-phase absorption spectrum of neutral pyridine (lines). Repro­
duced directly from [71]................................................................................  7
1.3 Representative double-minimum potential energy surface. The po­
tential energy of cyclopentanone is plotted as the C-O wagging angle
is projected. Reproduced directly from [72]..............................................  9
1.4 Experimental and calculated Si vibrational band spacings for the
ring-bending potential in pyridine. Reproduced directly from [41] . . 10
1.5 Transient absorption of pyridineH+ ion and pyridine in acetonitrile, 
probed at 310 nm and excited at 266 nm. Reproduced directly from
[59]................................................................................................................... 15
1.6 Schematic representation of the ground and excited state potential
energy surfaces, illustrating ground-state reactions reached through 
conical intersections. Reproduced directly from [100]   15
1.7 Photodissociation cross section of H+ recorded across the wavelength-
range 900 nm -  300 nm for two different source pressures. One of the 
earliest published PD action spectra. Reproduced from directly [113] 18
1.8 Electronic PD action spectra of protonated tryptophan at a) ambient
temperature and b) cooled to ~10 K. Reproduced directly from [131] 20
1.9 Electronic PD action spectra of cold protonated aniline and 
aminophenol. Black lines represent NH3 loss and red lines represent
H atom loss. Reproduced directly from [135].........................................  21
1.10 Experimental electronic PD action spectrum (red) and simulated vi-
bronic spectrum (black sticks and blue lines) of Ag2H+. Reproduced 
directly from [136] ......................................................................................  22
xii
List of Figures xiii
1.11 Quadrupole mass filter electrode arrangement illustrating the two
pairs of hyperbolic electrodes, A and B, in a square arrangement. 
Reproduced directly from [153] ................................................................ 24
1.12 Photograph of the cross-section of a 3D quadrupole ion trap. Adapted
from [1 5 6 ]...................................................................................................... 25
1.13 Pure quadrupole field confining a charged particle Q. Reproduced
directly from [157]   25
1.14 Region of simultaneous stability in the r and z directions for a 3D
quadrupole ion trap. Reproduced directly from [156] ......................... 27
1.15 Schematic of the Thermo Finnigan LIT illustrating the three electrode
sections. Reproduced directly from [1 5 9 ] .................................................  28
1.16 Simulation of the electric field inside the Thermo Finnigan linear
quadrupole ion trap. Reproduced directly from [159] ......................... 28
1.17 Illustration of the Thermo Finnigan LTQ scan out. Reproduced di­
rectly from [161]............................................................................................  29
1.18 Schematic of the internal components of a Thermo Scientific LTQ
mass spectrometer. Reproduced directly from [1 6 1 ] .................................. 30
1.19 Schematic operation of an optical parametric oscillator......................... 31
2.1 Photograph of the experimental setup in a routine PD action spec­
troscopy configuration...................................................................................  54
2.2 Instrumental arrangement schematic demonstrating the coupling of 
both laser beamlines to the ion trap. Components discussed in the
text are annotated.......................................................................................... 55
2.3 Annotated photograph of the two laser system beam paths coupled
to the LTQ linear ion trap mass spectrometer..........................................56
2.4 Timing scheme to synchronise a single pulse from a static repetition 
rate laser system with a photodissociation mass spectrometry cycle.
T is the period of the pulsed laser i.e. 100 ms for a 10 Hz laser. . . .  58
2.5 (a) Representative measurement sample used to construct a photodis­
sociation mass spectrum at a particular wavelength. In this case, the 
pyridineH+ ion (m/z 80) is irradiated with A =  250 nm laser light.
The primary photoproduct is at m /z 78 with a relative abundance 
of ~15%. (b) The PD mass spectrum and yield determination con­
structed by averaging the data in (a). This is a typical experiment 
and 83 individual PD mass spectra are acquired during 30 seconds of 
acquisition time.............................................................................................. 60
2.6 Representative photodissociation action spectrum for the H2-loss 
channel of the pyridineH+ cation (m/z 80). The insets reveal trun­
cated mass spectra acquired at the annotated points on the spectrum 61
2.7 Screw terminal connected to the peripheral control 6-pin connector
on the LTQ chassis. The terminal is wired for automated PD action 
spectroscopy.........................................................................................................62
2.8 Simplified process flowchart for the LabVIEW control software
demonstrating the interactions between the mass spectrometer and 
control software..............................................................................................  63
2.9 Screenshot of the control software graphical interface during an ac­
quisition...........................................................................................................  65
2.10 Comparison between the total photodissociation action spectra for
(phenyl)Ag+ acquired on the instrument presented in this paper (red) 
and extracted from [8] (blue). Here, a mixing option that combines 
residual Nd:YAG 1064 nm light with the doubled OPO signal en­
hances the photon output in the 400 -  320 nm region. Reproduced 
from reference [2] .........................................................................................  66
2.11 Photodissociation mass spectra (MS2 experiments) of (a) 4-
35chloroanilinium at 230 nm, (b) 4-79bromoanilinium at 230 nm, (c) 
4-iodoanilinium at 230 nm, (d) 4-35chloroanilinium at 260 nm, (e) 
4-79bromoanilinium at 260 nm, and (f) 4- iodoanilinium at 260 nm. 
Reproduced from reference [ 2 ] ................................................................... 67
2.12 Total photodissociation action spectra of 4- chloroanilinium, 4-
iodoanilinium, and 4-bromoanilinium. Reproduced from reference [2] 69
2.13 Photodissociation action spectra of the (a) loss, (b) NH3 loss,
and (c) H  loss photodissociation channels of 4-chloroanilinium, 4- 
bromoanilinium and 4-iodoanilinium. Reproduced from reference [2] . 70
3.1 Photodissociation mass spectra (A =  250 nm) of the three N -
pyridinium isotopologues: a) C5H5NH+, b) C5H5ND+ and c) 
C5D5NH+. The black diamonds indicate ions resulting from the ad­
dition of water (18 Da) to the photoproducts...............................................88
3.2 Photodissociation action spectra of the a) C5H5NH+ and b) 
C5H5ND+ N-pyridinium isotopologues. The normalised yields of the 
photoproducts in Fig. 3.1 are plotted as a function of photon energy 
and vibrational progressions in the 1B2 — 1 A 1 b and are labelled. The 
insets show magnified portions of the spectrum around the first four 
unique spectral features.................................................................................... 89
List of Figures xiv
List of Figures xv
3.3 a) Electronic spectrum of the N2-tagged N-pyridinium weakly-bound 
complex obtained by monitoring the yield of the bare ion following 
ultraviolet irradiation. The experimental spectrum is compared to a 
stick spectrum based on CASSCF(6,6)/aug-cc-pVDZ calculations and 
Franck-Condon simulations. b) Photodissociation action spectrum of 
the N2-tagged N-pyridinium complex monitoring the -[N2+H2] channel.
3.4 Schematic representation of the totally-symmetric (a1) u1 and u6 
modes (Wilson notation) of the N-pyridinium ion showing only the 
heavy nuclei (C and N). The arrows indicate the direction, but not 
the magnitude, of displacement...................................................................
3.5 Schematic representation of the N-pyridinium excited electronic state
minimum structure as predicted by the CAM-B3LYP/aug-cc-pVDZ 
method. The annotated distances are the length of the vectors normal 
to the ring plane.............................................................................................
3.6 Interpolated reaction coordinate for the isomerisation of the electron­
ically excited (Si) N-pyridinium ion. The markers indicate single 
point energies calculated along the coordinate.........................................
3.7 Dimensionless, normal-mode projected, double-well potential energy
surface of the first N-pyridinium excited electronic state.......................
3.8 Excited electronic state (S1) dimensionless b1 normal-mode projected
displacement and (S0) harmonic ground electronic state displacement 
(lines) overlaid with the CAM-B3LYP/aug-cc-pVDZ transition elec­
tric dipole moments (diamonds)..................................................................
3.9 Comparison between a) the experimental N2-tagged PD action spec­
trum in the vicinity of the electronic origin, b) the absorption simu­
lation using the CAM-B3LYP/aug-cc-pVDZ interpolated coordinate 
and c, d) the absorption simulations using the fitted quadratic poten­
tial energy surfaces and associated electronic transition dipole mo­
ments. The simulated peaks are the convolution of the predicted 
transitions with 30 cm-1 FWHM Gaussians.............................................
3.10 CBS-QB3 potential energy scheme for the ground-state photodissoci­
ation of the N-pyridinium ion. The photon energy range spanned by 
the PD action spectra is labelled on the vertical axis. The energies 
of the N-H homolysis and heterolysis photoproduct channels are also 
shown................................................................................................................
3.11 Spacing between consecutive S1 u1 excitations. There is no significant
anharmonicity within four quanta of excitation, the fifth data point 











3.12 Photodissociation Action Spectrum of C5D5NH+ ...................................104
3.13 Products arising from the reaction of 2-methyl-1,3-dioxolane with
isomers of the pyridinylium cation. (a) shows the 2-pyridinylium 
structurally-diagnostic transacetylation product with m /z 122.............105
3.14 Mass spectrum recorded after irradiating (A =  250 nm) an ion popula­
tion of N-pyridinium cations (m/z=80 Da) and isolating the m /z=78 
Da photoproduct ions for 2000 ms with 2-methyl-1,3-dioxolane seeded
in the He buffer gas....................................................................................... 106
3.15 Kinetic plot of the ion signal of the 2-pyridinylium ion (m/z=78 Da)
and the reaction product ions it forms with 2-methyl-1,3-dioxolane 
(m/z=89 and 122 Da) and water (m/z=96 Da) over time.....................107
3.16 Pseudo-first-order fit to the decay of the 2-pyridinylium ion (m/z=78
Da) isolated in the presence of 2-methyl-1,3-dioxolane........................... 107
3.17 PD action spectra of the N-pyridinium cation (C5H5NH+) monitoring
the H2-loss channel recorded using a dye laser (green line) and an 
OPO (red line).................................................................................................. 108
3.18 Duschinsky rotation matrix for the b\ symmetry block, calculated in
rectilinear coordinates, between the planar (C2v) excited state mini­
mum and the ground state minimum........................................................... 116
3.19 Quartic potential energy functions and corresponding energy eigen­
values.................................................................................................................. 117
3.20 Comparison of the first four assigned spectral features of the pyri-
dinium cation in the a) -N2 channel of the resonance enhanced pho­
todissociation spectrum (Melbourne) and b) the -H2 channel of the 
photodissociation action spectrum (Wollongong)....................................... 120
3.21 CBS-QB3 potential energy scheme for the ground-state photodisso­
ciation of the C5D5NH+ cation........................................................................121
4.1 Photodissociation mass spectra (A =  250 nm) of (a) N - 
methylpyridinium-do (NMP-d0), (b) N-methylpyridinium-d3 (NMP- 
d3) and (c) N-methylpyridinium-d5 (NMP-d5) ions. In each spec­
trum, the peak marked with a diamond corresponds to addition of 18
Da (i.e., water) to the major photoproduct.............................................. 134
4.2 Photodissociation action spectra recorded for (a) C5H5N-CH+, (b) 
C5H5N-CD+ and (c) C5D5N-CH+. The electronic origin (0-0) tran­
sition assignment is labeled; other peak labels are discussed in the
text......................................................................................................................136
4.3 Normal mode displacements for the five most FC-active modes of the
NMP-d0, NMP-d3 and NMP-d5 ions.............................................................. 138
List of Figures xvi
4.4 (a) Experimental photodissociation action spectrum and (b) simu­
lated absorption spectrum for N-methylpyridinium................................ 139
4.5 Ground state CBS-QB3 potential energy diagram for the demethyla- 
tion of the N-methylpyridinium ion. The photon energy range corre­
sponding to the PD action spectra is indicated on the vertical axis. . 142
4.6 Mass spectrum (ms3) following PD (A =  250 nm) of N- 
methylpyridinium ion (m/z 94) then isolation of m/z 78 for 2000
ms in the presence of 2-methyl-1,3-dioxolane............................................144
4.7 Kinetic measurements for the decay of the 2-pyridinylium ion (m/z 
78) isolated in the presence of 2-methyl-1,3-dioxolane (products at 
m /z 89 and 122) and water (product at m /z 96). Inset: Pseudo-first 
order fit for the disappearance of the 2-pyridinylium ion (m/z 78). . . 145
4.8 Modified instrumental arrangement schematic coupling two UV laser
beamlines to the ion trap..............................................................................147
4.9 Ultraviolet transmission spectrum of the quartz window used in this
study..................................................................................................................147
4.10 Photodissociation mass spectra (A =  266 nm) of (a) N - 
ethylpyridinium and (b) N-octylpyridinium................................................148
4.11 Photodissociation action spectra monitoring the formation of
m /z 80 following the ultraviolet irradiation of N-ethylpyridinium 
cations. The PD action spectrum for the CH4-loss channel of N- 
methylpyridinium is shown in the background. Peak labels are dis­
cussed in the text..............................................................................................149
4.12 Photodissociation action spectrum of 2 Da-loss channel of the N- 
ethylpyridium m /z 80 photoproduct compared to the H2-loss channel
of protonated pyridine (Chapter 3)............................................................... 149
4.13 Photodissociation mass spectrum (A =  250 nm) of anilinium (m/z 94). 151
4.14 Simulated absorption spectra for N-methylpyridinium-d3 and N-
methylpyridinium-d5 ion................................................................................. 152
5.1 Photodissociation mass spectra of a) pyrimidineH+ at A =  240 nm,
b) pyrazineH+ at A =  260 nm and c) pyridazineH+ at A =  240 nm. . 162
5.2 Ultraviolet photodissociation action spectra recorded across the 35
000 -  45 000 cm-1 (285 -  220 nm) photon energy range for the a) 
pyrimidineH+, b) pyrazineH+ and c) pyridazine cations...........................163
5.3 Schematic representation of the a) pyrimidineH+, b) pyrazineH+ and
c) pyridazineH+ excited state normal mode displacements responsible
for the dominant vibronic features................................................................ 165
List of Figures xvii
5.4 Ground state CBS-QB3 potential energy scheme for the -HCN dis­
sociation of a) pyrimidineH+ and b) pyrazineH+. In each case, the 
experimental adiabatic excitation energy, which is assumed to be the 
minimum available for photodissociation, is shown on the y-axis. . . . 167
5.5 Ground state CBS-QB3 potential energy scheme for the -H2 dissoci­
ation of a) pyrimidineH+ and b) pyrazineH+............................................169
5.6 Ground state CBS-QB3 enthalpies for the dissociation of
pyridazineH+ through H2 loss and HCN loss............................................ 170
5.7 Power dependence of the pyridazineH+ HCN-loss photoproduct at A
=  230 nm.........................................................................................................173
5.8 Simulated pyrimidineH+ FC absorption line spectrum convolved with 
500 cm-1 Gaussian peaks shown overlaying the experimental HCN-
loss PD action spectrum............................................................................... 174
6.1 Photodissociation mass spectra of (a) quinolineH+ at A=340 nm, (b) 
isoquinolineH+ at A=340 nm, (c) quinolineH+ at A=230 nm and (d) 
isoquinolineH+ at A=230 nm. Black diamonds indicate the addition
of water to the m /z 77 photoproduct.........................................................185
6.2 Photodissociation action spectra of the low energy bands (370 -  285
nm) of (a) quinolineH+ and (b) isoquinolineH+. Each spectra is com­
pared to an annotated simulation described in the text......................... 186
6.3 Photodissociation action spectra of the high energy bands (250 -  220 
nm) of (a) quinolineH+ and (b) isoquinolineH+. The comparison to
a simulation and the assignments are described in the text...................187
6.4 Valence molecular orbitals active in the lowest three electronic tran­
sitions of quinolineH+....................................................................................188
6.5 Schematic representation of the important quinolineH+ normal modes 
referred to in text and used in vibronic assignments. The arrows 
indicate the direction of motion and are not proportional in length to
the magnitude. The normal modes in isoquinolineH+ are analogous . 190
6.6 (a) Magnified (370 -  330 nm) photodissociation action spectrum (m/z 
77) of the isoquinolineH+ low energy band around the onset and first 
four quanta of excitation in the main progression compared to the 
(b) Franck-Condon absorption spectrum simulation. The assignments
and simulation are explained in the text................................................... 192
6.7 Electronic probability density differences between the first three
excited states and the ground state of quinolineH+ (a-c) and 
isoquinolineH+ (d-f)...................................................................................... 193
List of Figures xviii
List of Figures xix
6.8 CBS-QB3 enthalpies (in wavenumbers) for the six channels for the
ground-state HCN loss from quinolineH+ and the isomerisation to 
isoquinolineH+. The single- and two-photon energy ranges are la­
belled on the vertical axis.............................................................................195
6.9 CBS-QB3 enthalpies (in wavenumbers) for the ground-state forma­
tion of the phenylium cation from quinolineH+ and the isomerisation
to isoquinolineH+. The single-photon energy range is labelled on the 
vertical axis........................................................................................................196
6.10 Laser-power dependence of the (a-c) quinolineH+ m /z 103 photoprod­
uct yield within the low energy band and the m /z 77 photoproduct 
yield across the (d-f) low energy and (g,h) high energy bands.............. 197
6.11 Mass spectrum recorded after mass-selecting a quinolineH+ (m/z 130)
ion population, irradiating with a single 230 nm laser pulse and stor­
ing the m /z 77 photoproduct ions for 1 second......................................... 199
6.12 Mass spectrum recorded following collisional activation of the m /z 95
ions formed from addition of water (18 Da) to the m /z 77 quinolineH+ 
photoproduct.....................................................................................................199
7.1 The fragmentation pathways observed by pyridine derivatives. Exam-
ple derivitisation steps from neutral pyridine are schematised using 
arrows. Each ion is labelled with its dominant UV photodissociation 
channel (red for pathways characterised in this study, blue for those 
known from literature) and the wavelengths at which these channels 
are accessed..................................................................................................... 220
7.2 Photodissociation action spectra monitoring the dominant fragmen­
tation channels of the cations studied in this doctoral work..................222
7.3 Experimental adiabatic excitation energies measured from the pho­
todissociation action spectra recorded in this study. The asterisk 
(*) shown for pyridineH+ indicates that this is the photon energy at 
which the first intense vibronic feature was observed that was not 
assigned as the electronic origin. The value shown in parentheses is
an approximate, experimental vertical excitation energy......................... 224
7.4 Comparison of the CASMP2(8,7)/aug-cc-pVDZ adiabatic excitation
energies predicted for pyrimidineH+ and pyrazineH+. The total elec­
tronic energy of each state is shown relative to the pyrimidineH+ 
ground state...................................................................................................... 225
7.5 Correlation between the experimental adiabatic excitation energies
and the predicted CASSCF energies for the monocyclic cations stud­
ied in this doctoral work................................................................................. 226
List of Schemes
1.1 Isomerisation of pyridine to its prefulvenic valence isomer following
excitation to its 1B2 S2 excited state. Reproduced directly from [59]. . 5
1.2 Predicted electronic state curve crossings and valence isomers of ben­
zene. Reproduced directly from [98 ].........................................................  13
1.3 Calculated potential energy surfaces of pyridine, highlighting the
S2/S 0 intersection. The annotated timescales are from the results of 
femtosecond transient absorption experiments. Reproduced directly 
from [59].........................................................................................................  14
1.4 The two N-alkylpyridinium cation IRMPD pathways reported in 107 16
1.5 The loss of RH observed following the ultraviolet photodissociation
of [(pyr)-R]+ when R =  H or CH3..............................................................  17
2.1 General reaction of pyridine with an iodinated organic species.............74
3.1 The N-pyridinium ion photodissociates to form the 2-pyridinylium
ion and molecular hydrogen following ultraviolet excitation in the 
region 37 000 -  45 000 cm-1 (270 -  220 nm)............................................  84
4.1 The N-methylpyridinium ion photodissociates to form the 2- 
pyridinylium ion and methane following ultraviolet excitation in the
36 000 -  43 000 cm-1 (280 -  230 nm) region............................................ 131




1.1 The structure of the pyridineH+ cation (C5H6N+)..................................  1
1.2 The structures of a) pyridine, b) pyridazine and c) 2-pyridone................... 10
4.1 The three N-methylpyridinium isotopologues used in this study. . . . 131
5.1 Structures of the protonated diazines: pyrimidineH+, pyrazineH+ and
pyridazineH+..................................................................................................... 159




1.1 The pyridineH+  chemical unit
The photophysics and photochemistry of protonated pyridine (pyridineH+ or pyri- 
dinium), and some of its derivatives, is the central theme of this thesis. The motives 
for studying the pyridineH+ cation are both fundamental, its spectroscopy and pho­
tochemistry is yet to be fully understood, as well as practical. The structure of 
pyridineH+ is shown in Chart 1.1. As a subunit, it is ubiquitous and, along with 
many derivatives, comprises the building blocks of larger molecules for roles where 
their photochemistry is crucial. The specific context for each compound studied 
within this thesis is provided at the beginning of its respective chapter. However, 
the following briefly reviews the role that pyridinium photochemistry plays in bio­
chemistry, functional materials, synthesis and extraterrestrial environments.
H
^N +
Chart 1.1: The structure of the pyridineH+ cation (C5H6N+).
The pyridineH+ subunit is encountered, with varying degrees of derivitisation, 
in all of the nucleobases (adenine, cytosine, guanine, uracil and thymine) and in 
diazines, purines, flavins, alkaloids, quinolines and quinazolines, which are incor­
porated into DNA/RNA, coenzymes, cofactors, pharmacological compounds, vita­
mins and other molecular species necessary for life. It is necessary to understand 
the ultraviolet photochemistry of chemical subunits relevant to biology[1, 2], in 
large part, because photochemistry is largely responsible for the proper function­
ing of many biomolecules but can also initiate damage and thus cause disease[3, 
4]. The protonated fundamental units of these biomolecules are important targets 
for a photochemical investigation. This is because it is postulated that the deac­
1
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tivation of excited DNA molecules may involve local, ’monomer-like’ processes[4], 
biomolecules may become protonated at physiologically-relevant pH, and because 
hydrogen-bonding in the base-pairing process imposes an effect reminiscent of proto­
nation onto the nitrogen atom. Several studies recently reported that the gas-phase 
photochemistry of isolated, biologically-relevant molecules can provide insight into 
their condensed phase behaviour[4-8 ].
The pyridineH+ subunit is also important in the engineering of functional mate­
rials. It exhibits electron withdrawing and electron accepting character and is widely 
utilised in tandem with electron donating groups to assemble fluorescent charge- 
transfer dyes. These dyes function as photosensitisers in organic solar cells[9-13], 
markers and tags for biological microscopy[14-21] and as fluorescent pH sensors[22]. 
Substituted pyridinium units are also included in ionic liquids used as the electrolyte 
in organic photovoltaics[23-25]. Furthermore, the optical properties of porphyrin- 
based dye molecules can be modified using N-pyridinium acceptor groups[11, 15, 
16, 26].
Protonated aromatic compounds are postulated to carry unassigned interstellar 
absorption bands and it has been suggested that aromatic nitrogen heterocycles are 
present within interstellar media[27, 28]. The detection and identification of inter­
stellar compounds relies on an established library of laboratory spectra for known 
compounds, as well as being guided by trends relating structure to spectroscopy. 
Pyridine derivatives have also been detected in meteorites[29, 30] and may exist in 
extraterrestrial atmospheres[31, 32]. It is also proposed that nitrogen heterocycles 
may have been involved in the chemical origin of life[28, 33]. An understanding of 
the laboratory photochemistry of such compounds may provide accessible insight 
into the role they play in extraterrestrial atmospheric or prebiotic chemistry.
Finally, photo-induced structural transformations that occur in pyridinium 
derivatives have potential synthetic applications, where there is interest in both 
increasing the understanding of fundamental, condensed-phase reactivities related 
to this photochemistry and in utilising it in the synthesis of natural products[34]. 
These transformations are discussed in more detail later and allow new products 
with complex functionality and stereochemistry to be synthesised from simple, pla­
nar starting structures. Although the effect of this pyridineH+ photochemistry on 
chemical reactivity was first described in 1972[35] and then considered comprehen­
sively in 2001[36], work included in this thesis provides the first experimental spec­
troscopic evidence for this photochemical transformation in protonated pyridine[37] 
(see Chapter 3).
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Figure 1.1: Solution-phase (acetonitrile) ultraviolet absorption spectra of neu­
tral pyridine and protonated pyridine, generated from the data in [67]. The ap­
proximate location and diabatic state labels for the three lowest energy, neutral 
pyridine singlet excited states are shown.
1.2 Electronic spectroscopy of pyridineH+
Many of the interesting photochemical and photophysical properties of the 
pyridineH+ cation are ’remembered’ from neutral pyridine, yet protonation removes 
many complexities that hinder the spectroscopic characterisation of the neutral 
species. This section briefly reviews the history and the current understanding 
of pyridine electronic spectroscopy and how protonation clarifies these properties by 
simplifying the electronic manifold and excited state relaxation dynamics.
The excited singlet and triplet manifolds of pyridine have been well studied 
experimentally and many spectra have been collected via absorption[38-45], fluo­
rescence^ , 46, 47], preresonance Raman[43], jet-cooled resonance enhanced mul­
tiphoton ionisation (REMPI)[42], mass-analysed threshold ionisation (MATI)[48], 
phosphorescence[49-52], matrix isolation absorption[53], magnetic resonance[54-56], 
electron energy loss[57], optothermal[58] and transient absorption[59] spectroscopy. 
These experimental results are complemented by theoretical studies[40, 41, 57-66]. 
However, despite this, it remains that the structure and behaviour of pyridine in 
many of its excited states is not yet conclusively elucidated.
Photochemistry occurring within the middle UV region of the electromagnetic 
spectrum (i.e. 300 -  200 nm) is the central focus of this thesis. In this region, 
the electronic manifold of pyridine has three singlet excited states, probed in the 
solution phase absorption spectrum[67] shown in red in Fig. 1.1. These states all 
involve excitation into anti-bonding w* orbitals -  disrupting planarity and leading 
to interesting photochemistry and photophysics.
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The first excited state, Si, is of 1B1 symmetry. Considering the single-electron 
excitations from the ground state, this excited state involves primarily transitions 
from the nitrogen atom lone pair orbital (n) to an anti-bonding n* orbital and can 
be labelled, diabatically, as a nn* transition. Although the transition intensity is 
observed to be weak and it is obscured by the brighter, nearby S2 state (see Fig. 1.1), 
this state has been studied extensively and the adiabatic transition energy (electronic 
origin) and several vibrational frequencies have been measured [40-42 , 48, 58-60]. 
However, the structure of this excited state remains to be conclusively determined. 
Generally assumed to be planar, in 1972 it was assigned by Jesson et a/.[40], from the 
band spacings of the out-of-plane ’’ boat” vibration in vibronic absorption spectra, 
that the equilibrium geometry of this state should be non-planar. The experimen­
tal spectrum was reproduced using a symmetric, double-minimum potential energy 
surface, projected along this normal mode. The barrier to planarity was 4 cm-1 and 
much lower than the zero-point energy, making this excited state effectively planar 
(quasiplanar). However, in 1988, Villa et a/.[42] were able to present assignments 
for forty vibronic transitions in the absorption, fluorescence and REMPI spectrum 
of jet-cooled pyridine, without considering the out-of-plane vibrational potential en­
ergy surface. More recent (1997) experimental studies by Becucci et a/.[58] reveal 
that the S1 state of pyridine is planar on a rotational timescale and the accompany­
ing calculations also suggest a planar structure. In contrast, calculations supporting 
a dynamical study by Chachisvilis and Zewail (1999) predicted that the structure of 
this excited state is non-planar[59]. In 2000, Cai and Reimers[60] presented a model 
consistent with all previous experimental observations by employing a planar ex­
cited state with a double-minimum potential for the out-of-plane ’’boat” vibrational 
mode. Yet in 2006, the MATI spectrum of the S1 state was recorded for jet-cooled 
pyridine and reported with assignments consistent with an out-of-plane deforma- 
tion[48], however, the shape of the potential was not considered. Lastly, in 2008, 
Boopalachandran and Laane were able to accurately reproduce the experimental 
spacings of this excited state vibrational mode in pyridine through a comprehensive 
analysis of the double-minimum potential energy surface[41]. This brief timeline is 
presented in Table 1.1 and reinforces that, although each assignment is consistent 
with a particular hypothesis, the structure of the 1B1 S1 state in pyridine is yet to 
be unambiguously defined.
Similar to the S1 state, transition to the S2 state involves significant n- 
delocalisation. It is analogous to the 1B2u benzenoid band of benzene and exhibits 
1B2 symmetry. In the case of benzene (D6h), this band is symmetry forbidden, how­
ever, it is fully-allowed in the C2v point group of pyridine. Of these three low-lying 
singlet electronic states, the S2 state is the most intense and dominates the absorp-
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Year Pyridine S1 (11B1) Structure Reference
1936 Planar Henri and Angenot[38]
1946 Planar Sponer and Stucklen[39]
1972 Quasiplanar Jesson et a/.[40]
1988 Quasiplanar Villa et a/.[42]
1997 Planar on average Becucci et a/.[58]
1999 Non-planar Chachisvilis and Zewail[59]
2000 Quasiplanar Cai and Reimers[60]
2006 Non-planar Riese et a/.[48]
2008 Quasiplanar Boopalachandran and Laane[41]
Table 1.1: A summary of some key studies postulating the structure of the 1Bi 
Si state of pyridine
tion spectrum (Fig. 1.1). Although this state is intense and extensively-studied, 
many of its structural properties are not yet fully characterised. This is due largely 
to the broad and featureless nature of its absorption spectrum[42, 59], and to the low 
fluorescence yields[46, 47] -  both the product of the rapid and efficient non-radiative 
deactivation of the excited state. The adiabatic transition energy and some of the 
totally-symmetric vibrations for this excited state have been known for decades[44, 
45, 53, 68], Although there are calculations predicting planarity[59, 66], including 
those that reproduce the experimental spectrum well[66], there is limited informa­
tion within the spectra from which to draw a definitive conclusion and it remains 
unclear whether this excited state preserves the ground state planarity[60]. Regard­
less, it is known experimentally that the initally-prepared excited state, whether 
planar or not, undergoes rapid isomerisation to a non-planar structure reminiscent 
of the prefulvene valence isomer of benzene[59], shown in Scheme 1.1. This con­
tributes to the rapid deactivation of the excited state and is discussed further in 
section 1.4.
Scheme 1.1: Isomerisation of pyridine to its prefulvenic valence isomer following 
excitation to its 1B2 S2 excited state. Reproduced directly from [59].
The third singlet excited state, S3 is of 1A2 symmetry and is the next highest 
lying state that can be described diabatically by a nn* state label. The band cor­
responding to this transition, as with the S1 — S o transition, appears weakly as a 
shoulder on the more intense S2 band. Albeit on the blue side, refer Fig. 1.1. Exper­
imental details of this excited state are scarce and its understanding relies mostly on
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theoretical predictions[60]. Perhaps the most interesting behaviour of this excited 
state is the significant (0.7-1.0 eV) difference between the vertical and adiabatic ener­
gies (reorganisation energy). This effect was first predicted by Lorentzon et a/.[61] in 
1995 and examined further by Cai and Reimers in 2000[60], revealing an intersection 
of electronic surfaces lying within the Franck-Condon region. This phenomenon, if 
physical, will facilitate the rapid deactivation of the electronically-excited molecule 
-  further complicating spectral analysis.
A more recent study (2013) revealed that substituting hydrogen for fluorine at 
the 2- and 6- positions reorders the Si and S2 states, deconvolving the onset of the 
nn* electronic band from the S1 band and allowing it to be studied in finer detail[69]. 
The analysis of the experimental spectrum suggests that this state is planar in 2,6- 
difluoropyridine. Although it is worth noting that the accompanying calculations 
predict a planar structure when a multireference calculation is employed and a non­
planar structure with a 256 cm-1 interconversion barrier with a single-reference, 
dynamic electron correlation calculation.
The electronic triplet surface of pyridine has been thoroughly studied and re­
viewed by Cai and Reimers[60], revealing a manifold of many low-lying triplet states 
resulting from strong state-mixing, planar and non-planar ’’boat” geometries and 
different orbital character (i.e. nn* and nn*). The triplet manifold is of less impor­
tance within the scope of this thesis, however, it is important in the deactivation 
of these excited species. Because a large number of low-lying triplets of different 
orbital nature are interweaved throughout the singlet states, rapid intersystem cross­
ing (ISC) occurs as total angular momentum is conserved through the cancellation 
of changes in spin and orbital angular momenta -  per El Sayed’s rule[70]. This ISC 
contributes to the rapid deactivation of pyridine excited to its S2 electronic state[59].
The protonated pyridine cation is also a molecule of fundamental and applied 
interest, as discussed in section 1.1, for which there is limited spectroscopic under­
standing. Solution phase absorption spectra, recorded in acidic media, such as that 
shown in blue in Fig. 1.1 lack the fine detail that can provide insight into the struc­
ture and fate of the excited states. Protonating pyridine minimally perturbs the n 
system electronics, while constraining the lone pair electrons to the covalent N-H 
bond. This has several important effects. Firstly, the nn* band is almost completely 
unshifted between the protonated and neutral cases. Secondly, the nn* excited states 
are gone as there is no lone pair of electrons. This explains the narrower bandwidth of 
the pyridineH+ spectrum. The S1 state in the pyridineH+ cation is derived from the 
S2 state in the neutral molecule. Finally, the triplet manifold is simpler, containing 
just nn* states and, therefore, only spin-orbit forbidden singlet-triplet transitions. 
This removes ISC as a fast-competing deactivation channel. Transient absorption 
experiments[59] have observed that the rapid deactivation of excited neutral pyridine
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Figure 1.2: Photodissociation action spectrum, monitoring the H2-loss channel 
of the protonated pyridine cation (lines with circles) imposed upon the vapor- 
phase absorption spectrum of neutral pyridine (lines). Reproduced directly from 
[71].
proceeds by two components whereas the protonated cation by only one. This study 
concluded, primarily through computational structural predictions, that the same 
rapid prefulvenic isomerisation process occurs for both neutral pyridine molecules 
and pyridineH+ cations while fast ISC only occurs for the neutral species. Although, 
prior to the work included in Chapter 3, there was no spectral evidence confirming 
this non-planar structure for the Si state of pyridineH+. An understanding of the 
photochemistry and spectroscopy of the pyridineH+ cation will primarily contribute 
to lacking fundamental knowledge of a ubiquitous chemical unit. However, it will 
also inform the concepts relevant to neutral pyridine, as it is isolated from the in­
terplay between the nearby nn* electronic states and the efficient, El Sayed-allowed 
ISC processes.
The pyridineH+ system is well-suited to photodissociation action spectroscopy 
(technique description in section 1.6). An action spectrum was first reported in 
1977, and it revealed that gas-phase pyridineH+ cations photodissociate (in the UV) 
by the loss of molecular hydrogen, H2, following excitation to the 11B2 electronic 
state[71]. This spectrum, monitoring the C6H4N+ photoproduct is reproduced di­
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rectly in Fig. 1.2 and reveals a broad electronic band centred upon the nn* band of 
the vapor-phase neutral species. However, this spectrum was recorded with a coarse 
wavelength increment using diffuse light sources (lamps) and exhibits no resolved 
fine structure. There have since been many advances in tunable laser systems and 
ion-trapping technologies and, as will be shown, revisiting this system with greater 
spectral resolution reveals new details. Furthermore, techniques for interrogating 
ions using collisional/photolytic activation methods, and by reaction with neutral 
species, are routine in modern ion-trapping experiments. As the photoproducts re­
main trapped after photodissociation, they can be identified using these means and 
contemporary PD action spectroscopy may also yield complementary information 
about the product ions. Chapter 3 presents new spectroscopic results for pyridineH+ 
that provides new insight into the excited state structure as well as complementary 
mass spectrometric results elucidating the structure of the H2-loss photoproduct as 
the 2-pyridinylium cation[37]. This study incorporated a double-minimum poten­
tial for the out-of-plane normal modes in the spectral analysis and concluded that 
the excited state exhibits a substantially ring-buckled, prefulvenic geometry, see 
Scheme 1.1. This distortion had a pronounced effect on the spectroscopy that led 
to the structural conclusions.
1.3 Effect of out-of-plane distortions on vibronic
spectra
Distorted electronic states, and the normal modes that participate in these distor­
tions, often significantly influence a chemical system’s electronic spectroscopy. How­
ever, they can also go unnoticed in the interpretation of spectra, as in several cases 
revealed above. The vibronic spectroscopy of pyridine, and several of its derivatives, 
are influenced appreciably by out-of-plane excited-state distortions. This section 
overviews some of these effects and how they manifest in vibronic spectra. One 
of the earliest and most noteworthy examples of this behaviour is in the electronic 
spectra of cyclic carbonyl molecules. The carbonyl group (-CO) is usually planar 
with respect to the carbon cyclic structure, however, many carbonyl compounds 
typically possess a low-lying excited state where this group prefers a pyramidal ge­
ometry. This results in an anharmonic potential energy surface with two minima 
representing equivalent pyramidalised structures and the planar (equilibrium) geom­
etry forms a barrier between them, as shown in Fig. 1.3[72]. Importantly, the energy 
levels begin in near-degenerate pairs of opposite parity that become spaced further 
apart as the barrier is approached. At high vibrational quanta, the energy levels 
become more evenly spaced, approximating harmonic behaviour. This is typical
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Figure 1.3: Representative double-minimum potential energy surface. The po­
tential energy of cyclopentanone is plotted as the C-O wagging angle is projected. 
Reproduced directly from [72].
for double-minimum potential energy curves. Although cyclic carbonyl compounds 
have been studied extensively, the spectral complexity afforded by this behaviour 
has made the results, historically, very difficult to interpret. Laane recently re­
viewed this topic comprehensively and also reinvestigated this class of compounds 
considering the effect these out-of-plane distortions have on the spectra[73].
Double-minimum potential energy surfaces have a long history in spectroscopy 
and have been well-characterised for ground electronic state vibrations; the archetyp­
ical example is the ammonia inversion ’’ umbrella” mode, first proposed in 1940. It 
has been shown that the tools used to model such ground state potentials are also 
effective in interpreting spectra where the excited state potential adopts a double­
minimum profile. The most commonly employed potentials are the quadratic func­
tion with a Gaussian barrier[74] (Ax2 +  B e -C x ) and the mixed quartic/quadratic os­
cillator (V =  ax4 +  bx2) [75], which has been applied successfully for many molecules 
by Laane and coworkers[73]. Typically these studies involve surveying the excited 
state surface using electronic structure calculations and then optimising the pa­
rameters in the above functions within non-arbitrary, physical limits chosen upon 
consideration of the results. The remainder of this section overviews some recent 
literature where out-of-plane dynamics contribute significantly to the spectral detail 
of pyridine and pyridine derivatives, shown in Chart 1.2, and how their analysis 
yielded insight into the excited state structure. These effects are often observed for
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Figure 1.4: Experimental and calculated Si vibrational band spacings for the 
ring-bending potential in pyridine. Reproduced directly from [41]
aromatic molecules, where the excited state involves transition into anti-bonding 
n* orbitals and thus contributes to delocalisation of the n system -  decreasing the 
rigidity of the planar structure.
N ''N O
(a) (b) (c)
Chart 1.2: The structures of a) pyridine, b) pyridazine and c) 2-pyridone.
Pyridine (Chart 1.2a) undergoes an out-of-plane ’’ boat” distortion in its first 
singlet excited state (S1), resulting in the observation of unusually-low frequency 
vibronic bands. This complicated the classification of the excited state structure 
as planar, quasiplanar or non-planar; the history of this was reviewed above in 
section 1.2. A recent major contribution to the understanding of this problem was 
the work of Boopalachandran and Laane[41]. The experimental band spacings were 
reacquired at high resolution and high accuracy and the band spacings could be fully 
accounted for by a mixed quartic/quadratic potential energy function. The potential 
and calculated energy levels are reproduced directly in Fig. 1.4. Interestingly, this 
method predicts a barrier to planarity of just 3 cm-1 , in close accord with that 
suggested by Jesson et aZ. [40] in 1972.
Pyridazine (1,2-diazine, Chart 1.2b) is another azabenzene molecule for which
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the spectroscopy is complicated by a double-minimum out-of-plane potential in an 
excited state. The low-lying absorption bands have escaped thorough analysis and 
the structure of the excited states are not yet settled[68]. The ab initio calculations 
of Fischer (1995) predicted a low-barrier double-minimum potential for a low-lying 
nn* state and a significantly ring-buckled geometry for a nearby by nn* state[76] in 
contrast to the long-held assumption that the orbital interactions between the two 
nitrogens was too strong to allow this[77]. In 2000, both excited-state distortions 
were predicted by more sophisticated computational methods and assignments were 
presented for the first excited state vibronic transitions[78].
2-pyridone (Chart 1.2c) is a heterocyclic compound that acts as a nucleobase 
mimic and is also used as a model for the photochemistry of uracil and thymine. 
As in the above example, it’s vibronic spectrum is affected significantly by out-of­
plane distortions. Depending on the theory applied, 2-pyridone is predicted to adopt 
varying ’boat-like’ equatorial and axial distortions when excited -  leading to an ac­
tivation of the out-of-plane vibrational modes. In 1989, this unusual spectral detail 
was attributed to a second electronic band arising from the ground state keto-enol 
tautomerisation[79]. However, one year earlier, rotationally resolved fluorescence 
excitation spectra suggested that all of the vibronic structure in 2-pyridone arose 
from a single, planar ground electronic state[80]. This was verified again in 1999 and 
2000[81, 82]. These studies also suggest that the excited state involves a pyramidal 
distortion of the nitrogen atom. In 2006, a two-colour resonant two-photon ioni­
sation (2C-R2PI) study supported by a comprehensive theoretical investigation[83] 
concluded that the spectral fine structure arises from the out of plane distortion. 
Two of the low frequency, out-of-plane vibrational potential energy surfaces were 
modelled using a mixed quartic/quadratic function as described earlier, allowing for 
an assignment of the experimental spectrum. The unusual spectral detail previ­
ously attributed to a second electronic state transition was accounted for in terms 
of vibronic transitions to even quanta of these out-of-plane vibrations.
1.4 Out-of-plane motion in excited state deacti­
vation
The rapid, non-radiative deactivation of the excited states of pyridine and other 
nitrogen heterocycles has a significant effect on their spectroscopy that is discussed 
above. It has been suggested since at least 1982 that the rapid internal conversion 
of the azabenzenes could be mediated by this photoisomerisation[84], a fact that 
is now well-established[59]. This section aims to provide a brief review on this 
effect due to the influence it has on electronic spectroscopy, as well as the evolution
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of photoproduct ions, which are detected in photodissociation mass spectrometry 
based methods.
The interpretation of most electronic spectra relies considerably on the Born- 
Oppenheimer (BO) approximation, considering the slow and heavy nuclei to be dis­
placed along a single potential energy surface created by the much faster and lighter 
electrons. However, there are many examples where this approximation breaks down 
and the nuclei can travel along multiple BO potential energy surfaces. In this sit­
uation, there are nuclear rearrangements where multiple electronic surfaces become 
degenerate or near-degenerate i.e. they intersect or become close enough to inter­
act. These curve crossings were first discussed by Neumann and Wigner in 1929 [85]. 
Teller proposed in 1936 that such rearrangements of nuclei and crossing of electronic 
surfaces could be responsible for the rapid deactivation of excited molecules[86]. 
These ideas were prompted by early observations of systems with ultrafast relax­
ation processes, that did not fluoresce or phosphoresce, but deactivated completely 
to the ground state; often accompanied by chemical change. Zimmerman further 
developed this idea in 1966, considering the geometries associated with the poten­
tial surface intersections and providing a theoretical basis for some of the empirical 
rules for predicting pericyclic photochemistry[87]. In the early 1970s, this work 
was reanalysed and refined by Forster[88] and Dougherty[89]. These developments 
all suggested that the ultrafast, non-radiative deactivation of excited molecules can 
occur through such curve crossings. However, it was not until the late 1980s and 
early 1990s that ab initio methods were used to locate the geometry of the first such 
intersections for large molecules[90-94]. Following on from these discoveries, it was 
realised that such potential energy surface crossings are not rare and are now widely 
accepted to be critical to short-timescale photochemical processes. This field has 
been reviewed thoroughly in 1974[95], 1998[96] and 2012[97].
Benzene was one of the earliest aromatic systems for which a surface of electronic 
state crossings was comprehensively mapped out using sophisticated computational 
chemistry methods. The 1993 computational study of Palmer et al. located three 
crossings of the S2, Si and S0 electronic surfaces leading to ground state benzene, as 
well as several valence isomers[98]. The schematic from this paper is reproduced in 
Scheme 1.2, the three intersections are labelled i*, j ** and k*. This provided a the­
oretical framework for the experimentally-observed photoisomerisation of benzene. 
Not long after, photophysically relevant crossings were located computationally for 
pyridine[91, 92] and pyrazine[92-94]. Of particular note, it was shown that benzene 
and pyridine are expected to exhibit very similar rapid relaxations from their lowest 
nn* states via a prefulvenic valence isomer. Two decades later, the understanding 
of this curve crossing in pyrazine is still under development[99].
In 1999, Chachisvillis and Zewail studied the condensed-phase relaxation of neu-
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Scheme 1.2: Predicted electronic state curve crossings and valence isomers of 
benzene. Reproduced directly from [98]
tral and protonated pyridine[59] in acetonitrile. This study employed femtosecond 
transient absorption spectroscopy and was supported by electronic structure calcu­
lations. The prefulvenic conical intersection, predicted a decade earlier, was located 
computationally and its effect on the relaxation of the excited state was charac­
terised experimentally. The calculated potential energy surface labelled with the 
measured timescales is reproduced in Scheme 1.3. After initial excitation to the S2 
state (Si in the case of protonated pyridine) the excited state begins to relax to its 
equilibrium geometry on a femtosecond timescale. Within 2.2 picoseconds, the pre- 
fulvenic form is adopted. Also measured is the deactivation by intersystem crossing, 
recorded to occur over approximately 40 ps. These two mechanisms were observed 
separately as the fast (isomerisation) and slow (intersystem crossing) components of 
the relaxation in neutral pyridine. As described earlier, intersystem crossing is spin- 
orbit forbidden in protonated pyridine. Thus, the transient absorption spectrum of 
protonated pyridine (in acidic solution) revealed only a single, fast component to 
the deactivation. This allowed for the deconvolution of both mechanisms. How­
ever, of more relevance to this thesis, it demonstrated that the pyridineH+ cation, 
in solution, also undergoes the same rapid relaxation process when excited to its
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Scheme 1.3: Calculated potential energy surfaces of pyridine, highlighting the 
S2/So intersection. The annotated timescales are from the results of femtosecond 
transient absorption experiments. Reproduced directly from [59]
lowest nn* electronic state (Si). The transient absorption spectrum from this study 
is reproduced as Fig. 1.5. The signal plots the absorbance at 310 nm following exci­
tation at 266 nm. Both decays exhibit a fast component that is shown in the inset, 
however, the decay of the pyridineH+ signal is complete after ~10 ps whereas the 
neutral pyridine signal continues to decay, at a slower rate, beyond 100 ps.
The dynamics that result from these curve crossings often bring about chemical 
change. Generally, these intersections have been found to be cone-shaped (conical 
intersections) and ’funnel’ the excited state wave packet to the ground electronic 
state[59, 100, 101]. The electronic energy of excitation is then converted into the 
vibrational and kinetic energy of the nuclei, leading to the isomerisation of the 
molecule or to the breaking of bonds and the formation of products as the ex­
cess energy is distributed amongst the system’s degrees of freedom. This is shown 
schematically in Fig. 1.6, reproduced from reference [100]. The initially-prepared 
excited state is illustrated to either relax into a non-reactive structure on the ex­
cited state surface or to isomerise along coordinate Q 1 where it is funnelled into a 
conical intersection, reaching the ground state with excess thermal energy that can 
be redistributed reactively or non-reactively.
For systems that conform to this behaviour, it is a key mechanism leading to 
the formation of photoproducts. In the case of charged species, e.g. the pyridineH+
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Figure 1.5: Transient absorption of pyridineH+ ion and pyridine in acetonitrile, 
probed at 310 nm and excited at 266 nm. Reproduced directly from [59]
Figure 1.6: Schematic representation of the ground and excited state poten­
tial energy surfaces, illustrating ground-state reactions reached through conical 
intersections. Reproduced directly from [100]
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cation, mass spectrometry-based studies are well-suited to probe this photodisso­
ciation. Should the excited states be bound and thus optically-active, moderate 
photoproduct yields can be promptly observed with high sensitivity. This provides 
spectroscopic information, and fragment ions that can be identified by mass spec- 
trometric techniques.
1.5 Photodissociation of pyridinium cations
The gas-phase photodissociation of protonated and N-substituted pyridinium 
cations has been explored largely by two groups in the 1970s and 1980s. This 
section describes the historical results and known trends in pyridinium cation pho­
todissociation, and how the current thesis has advanced this field.
It was first revealed in 1977 by Freiser and Beauchamp that protonated pyri­
dine photodissociates by the loss of molecular hydrogen following ultraviolet irradi- 
ation[71]. Although this study recorded the first action spectrum monitoring this 
fragmentation channel, the photochemistry was not explored in detail and only the 
m /z of the charged coproduct was characterised. It is now known that the iden­
tity of this photoproduct ion population of m /z 78 is exclusively the 2-pyridinylium 
cation[37] (see Chapter 3). The gas-phase infrared multiphoton photodissociation 
(IRMPD) of the N-tert-butylpyridinium cation was first reported in 1987[102]. It 
was shown that protonated pyridine cations (m/z 80) formed following the irradia­
tion of tert-butylpyridinium cations at 10.6 ^m from a continuous-wave CO2 laser. 
In 1988, the same method was applied to a library of alkylpyridinium cations[103], 
revealing two pathways, shown in Scheme 1.4. The first pathway yielded a carboca- 
tion from the loss of neutral pyridine and the second pathway produced pyridineH+ 
and an uncharged alkene. Each ion studied fragmented exclusively according to one 
pathway -  never both -  and the authors attributed this to stability of the alkene 












Scheme 1.4: The two N-alkylpyridinium cation IRMPD pathways reported in 
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Table 1.2: Observed IRMPD photodissociation pathways for N-alkylpyridinium 
ions. From data in [107]
The above IRMPD results are not likely to involve electronic excitation. The ul­
traviolet (300 -  220 nm) photodissociation of the N-methylpyridinium cation (Chap­
ter 4) was reported in 2013[104]. The fragmentation was mediated by internal con­
version from an excited electronic state surface resulting in the formation of the 
2-pyridinylium cation (m/z 78) through the loss of methane: constituting a third 
general pathway (Scheme 1.5) not observed in the IRMPD studies. No IR photodis­
sociation is observed for this gas-phase cation. Generally, the loss of methane from 
N-methylpyridinium follows the same pathway as the loss of H2 from N-protonated 
pyridine observed by Freiser and Beauchamp in 1977, (3) in Scheme 1.5.
R
Scheme 1.5: The loss of RH observed following the ultraviolet photodissociation 
of [(pyr)-R]+ when R = H or CH3.
N -substituents give rise to fragmentation pathways that yield stable products 
and do not require extensive isomerisation or ring-opening (e.g. HCN loss from 
neutral pyridine). Consequently, moderate photoproduct yields are observed at 
lower photon energies. This is in contrast to neutral, unsubstituted pyridine where 
photochemistry is unquantifiably slow at wavelengths longer than 200 nm[105, 106] 
and the observed photoproducts require significant rearrangement or, in the case of 
atomic hydrogen, the formation of open-shell (radical) species. The N -substituted 
species are also charged by virtue of the quarternary nitrogen atom. This charge, 
together with the efficient PD processes accessible in the middle UV make these 
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Figure 1.7: Photodissociation cross section of H+ recorded across the
wavelength-range 900 nm -  300 nm for two different source pressures. One of 
the earliest published PD action spectra. Reproduced from directly [113]
1.6 Electronic photodissociation action spec­
troscopy
There are many techniques suitable to studying the spectroscopy of gas-phase 
ions and several comprehensive reviews examine the topic of gas-phase ion spec- 
troscopy[107-111]. This thesis section does not attempt to review this topic, but 
rather presents the significant developments leading to and the historical context 
for this work.
UV-vis photodissociation (PD) action spectroscopy coupled with mass spec­
trometry is a proven approach for investigating the structural, electronic, and con­
formational properties of ions in the gas phase. Furthermore, it provides insight 
into the ion’s photochemistry. The technique relies on the wavelength-dependent 
photodissociation or photodetachment of an ion population that either generates a 
product ion with a different m /z or depletes the precursor ion abundance; the ap­
pearance of signal is predicated on the absorption of a photon. By plotting the yield 
of photogenerated (or depleted) products against photon energy (or wavelength), a 
spectrum is constructed[112]. The technique is powerful when coupled with ion trap 
mass spectrometers because the parent ion can be mass-selected and photoprod­
ucts can thus be probed with very low or essentially negligible backgrounds. For 
biomolecules and other molecules with suitably facile bonds, a PD action spectrum 
can provide details about the primary molecular structure, electronic excited states, 
and conformation of ions in the gas phase.
The principles of PD action spectroscopy were first established for electronic 
spectroscopy in the 1960s and 1970s using selected wavelengths (by filters or grat­
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ings) from diffuse light sources (e.g. lamps). The earliest photodissociation action 
spectrum of a mass-selected ion was reported by Dunn in 1964 for the H+ cation 
across the wavelength range 900 nm -  300 nm[113], shown in Fig. 1.7. The ac­
quired spectrum did not compare well with a simulated Franck-Condon spectrum 
and the authors concluded that both further experimental and theoretical work were 
required. Furthermore, the dependence of the spectral structure on source pressure 
was attributed to collisions depopulating the initial vibrational energy levels involved 
in the transitions. The same group refined and repeated the experiment in 1972[114], 
recording a spectrum that compared well with the Franck-Condon simulation.
The H+ PD action spectrum shown in Fig. 1.7 contained a large amount of noise 
and this was mostly from protons (the photoproduct) present in the background 
gas. Trapping of the mass-selected ion population allows for a near-zero background 
measurement. The first electronic spectrum recorded for a mass-selected, trapped 
gas-phase ion population was by Dunbar in 1971[115]. This study employed a Fourier 
Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer to record the UV- 
vis PD action spectra of the methyl chloride (CH3Cl+ )̂ and nitrous oxide (N2O+ )̂ 
radical cations. Throughout the 1970s, a number of significant studies[71, 115-123], 
primarily from the laboratories of Dunbar and Beauchamp, reported PD action 
spectra acquired by combining photon sources with FT-ICR mass spectrometers. 
One milestone resulting from this decade was the recording of spectra for trapped 
protonated/lithiated organic species that, by comparison to the neutral absorption 
spectra, provided insight into the excited-state proton affinity[71, 120]. Such studies 
resulted in the first ultraviolet gas-phase PD action spectrum of the protonated 
pyridine cation[71] (shown in Fig. 1.2, compared to the vapour-phase absorption 
spectrum of neutral pyridine). These studies on small organic cations established 
the technique of PD action spectroscopy -  referred to at the time as photodissociation 
spectroscopy.
The technique was developed further in the 1980s, including extending it the 
study of organometallic species and clusters[124, 125], as well as involving time-of- 
flight (TOF) mass spectrometers[126, 127]. However, it was the early 2000s when 
the PD action spectroscopy technique underwent significant advancement. One of 
the first studies of large, multiply-charged biomolecules isolated in the gas-phase 
was reported in 2002 by Oh et al. from the laboratory of McLafferty[128]. Oh 
et al. reported the infrared spectra of sectuply and octuply protonated ubiquitin 
and other reference peptides, acquired by coupling an optical parametric oscillator 
(OPO) laser system to a FT-ICR mass spectrometer. In 2004, Nolting et al. re­
ported the gas-phase ultraviolet PD action spectrum of protonated tryptophan using 
a dye laser and a modified commercial quadrupole ion trap (Paul Trap) mass spec- 
trometer[129]. This study demonstrated that protonated tryptophan was spectrally
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Figure 1.8: Electronic PD action spectra of protonated tryptophan at a) am­
bient temperature and b) cooled to ~10 K. Reproduced directly from [131]
similar to the neutral in solution and the authors concluded that this molecular 
subunit would not be a good pH probe. The electronic PD action spectrum of pro­
tonated tryptophan was reported again in 2005 by Talbot et al. using a modified 
commercial linear quadrupole ion trap and an OPO laser system[130]. This study 
also examined the tandem MS (MSn) spectra of the photoproducts to provide in­
sight into photodissociation process and photoproduct identities. In 2006, Rizzo 
et al. published another PD action spectrum of the protonated tryptophan (and 
tyrosine) cation where the ions were stored in aa 22-pole ion trap and cryogenically 
cooled to ~10 K [131]. The spectrum is reproduced in Fig. 1.8 where it is compared 
to the spectrum of the uncooled ions. The lower temperature ions exhibit spectra 
with greater resolution between features. Cryogenic temperatures are particularly 
beneficial when studying large biomolecules due to the spectral congestion arising 
from vibrationally-active ground states. The remainder of the broadening in Fig. 1.8 
is the result of protonated tryptophan’s intrinsic rapid excited-state dynamics[132, 
133]. Since these reports from Rizzo et al., several groups have published electronic 
spectra of cooled biomolecules in cooled ion traps, expanded ion beams and helium 
nanodroplets[134].
When the target ion is sufficiently small, and the initial excited electronic state 
is not dissociative, the spectra of cooled ions reveal sharp, well-resolved features. 
Much of the pioneering work in this area utilises either a beam of jet-cooled ions 
or a cryogenically cooled ion trap. Fig. 1.9 shows the PD action spectra recorded 
for protonated aniline and protonated aminophenol in a cryogenically-cooled ion
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Figure 1.9: Electronic PD action spectra of cold protonated aniline and 
aminophenol. Black lines represent NH3 loss and red lines represent H atom 
loss. Reproduced directly from [135]
trap[135]. The sharp features, not resolved for uncooled ions, correspond to vibronic 
transitions from the ground electronic state into a vibrationally-active excited elec­
tronic state. This technique has contributed significantly to the understanding of 
excited state dynamics -  particularly for biologically relevant, aromatic amines[1, 
132, 133, 135].
There are certain species for which some degree of vibronic detail is evident 
in PD action spectra acquired from uncooled ions. One example are protonated 
pyridine derivatives (Chapters 3-6), which have been reported in the literature[37, 
104, 136]. Vibronic structure has also been observed in 2011 by Mitric et al. [137] in 
the PD action spectrum of uncooled Ag+ cations prepared by collisionally activating
[(glycine) +  AgH] +  Ag + This resulta mass-selected, trapped ion population of 
is reproduced from the original manuscript in Fig. 1.10. The intense features in the 
spectrum agree well with the simulated result, however the experimental spectrum 
is convoluted with a profile that is not reproduced by broadening the simulated 
spectral lines with Gaussian peaks. Many spectral features are not fully resolved -  
contributions to this spectral envelope likely include the thermally-activated ground 
state, as well as a wavelength dependent photodissociation yield.
PD action spectra have been recorded for other organometallic species also pro­
duced collisionally in vacuo in a sequence of MSn steps[138], as well as for ions 
produced in MSn sequences comprising collisional, photolytic and reactive steps. 
One notable example, is the PD action spectra of charge-tagged aryl peroxyl species 
published by Maccarone et al. in 2013[139]. This study involved mass-selecting and
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Figure 1.10: Experimental electronic PD action spectrum (red) and simulated 
vibronic spectrum (black sticks and blue lines) of Ag2H+. Reproduced directly 
from [136]
trapping a charge-tagged iodobenzene derivative and photolytically homolysing the 
C-I bond. The charge-tagged phenyl radical photoproduct was then mass-selected 
and trapped where it was reacted with molecular oxygen (O2) to produce the charge- 
tagged aryl peroxyl species that were subsequently mass-selected and trapped to 
record PD action spectra for the less-understood electronic B state transition. The 
trends observed for different charged substituents allowed the authors to predict 
transition energies for the neutral phenylperoxyl radical that were in accord with a 
experimental study reported concurrently[140]. Further interrogating charged pho­
toproducts in subsequent MSn steps is the corollary to synthesising the target ions 
this way, this is a major strength of PD action spectroscopy coupled with ion trap 
mass spectrometers. Photoproduct identities can be inferred by subsequent photol­
ysis or collisional activation or by observing the time-dependent growth of photo­
products following irradiation. The photoproduct structure can be elucidated by 
acquiring a PD action spectrum of the photoproduct as shown in Section 4.2, or 
by structurally-diagnostic reactions with neutral species seeded into the mass spec­
trometer. The latter is described in detail in Section 2.5.
Biomolecules have also been interrogated using the ELISA ion storage ring at 
Aarhus University. An early study was reported by Nielsen et al. in 2001 where they 
presented the electronic PD action spectrum of model chromophores for the green 
fluorescent protein (GFP) molecule[141]. The results of this study suggested that 
the spectral properties of the GFP protein are controlled mainly by the chromophore 
unit, rather than the amino acids comprising the larger protein structure. This tech­
nique has since been used to develop the understanding of light-induced processes
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in complete biomolecules, including those that emit light (e.g. luciferin)[142] and 
those for which light induces the biochemical process (e.g. retinal)[143-147].
Finally, photodissociation and photoinitiated radical-directed dissociation have 
emerged as valuable activation methods for peptide sequencing[148, 149]. A review 
of this topic is beyond the scope of this thesis, however, it is notable that wavelength- 
dependent studies of peptide photodissociation are emerging. Two recent studies 
report PD action spectra for peptides modified to include radical precursors: Kirk et 
a/.[150] incorporated a labile C-I bond in 2013 and Marshall et a/.[151] a labile C-O 
bond in 2014. Both these studies report wavelength-dependent features that depend 
on the peptide sequence and charge state. Gas-phase protonated peptides have also 
been recently studied using high photon energy, high-brilliance synchrotron light 
sources[111, 152]. These studies have shown that the middle-UV to vacuum-UV 
spectral properties of a protonated peptide are similar to that of the sum of all the 
chromophores and that, by carefully tuning the photon energy, certain fragmentation 
channels can be selected.
This work has further developed the photodissociation action spectroscopy tech­
nique by presenting a general method for the coupling of a commercial ion trap mass 
spectrometer and pulsed photon source that overcomes several common limitations 
of similar existing arrangements. Such setups typically irradiate the sample with one 
period of the pulsed laser light, often as multiple incomplete pulses and the tuning 
of wavelength, acquisition of data and analyses are often performed manually. The 
general method presented in Chapter 2, and reported in the literature[112], presents 
validated means to overcome these limitations.
1.7 Instrumentation
This section briefly describes the instruments and photon sources used within this 
study to acquire PD action spectra. These are the linear quadrupole ion trap (LIT), 
specifically its implementation as the commercial Thermo Scientific LTQ mass spec­
trometer and the laser-pumped optical parametric oscillator (OPO) tunable wave­
length photon source. The 3D quadrupole ion trap (Paul Trap) is also discussed 
because of its close relationship to the LIT and its impact in the development of PD 
action spectroscopy.
1.7.1 Quadrupole ion traps
Quadrupole ion traps (QITs) are derived from the quadrupole mass filter. The 
quadrupole mass filter is an electrode arrangement that is capable of transmitting 
an ion population of a specific, single mass/charge range. It comprises four par-
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Figure 1.11: Quadrupole mass filter electrode arrangement illustrating the two 
pairs of hyperbolic electrodes, A and B, in a square arrangement. Reproduced 
directly from [153]
allel rod electrodes in a square arrangement, an example geometry is shown in 
Fig. 1.11 [153]. For an ideal electric quadrupole field, hyperbolic electrodes are nec­
essary, however, cylindrical electrodes are often used for ease of manufacture and 
can well-approximate a quadrupole field when their radius is carefully chosen[154]. 
This electric field is created by coupling opposite pairs of electrodes and apply­
ing both a radio frequency (RF) drive potential (V) of frequency Q and a direct 
current (DC) potential (U) between the pairs. Ions injected into the electrode ar­
ray then experience a trajectory that is dependent on the electric field and their 
mass/charge ratio. Some of these trajectories are unstable, and either direct the 
ions towards infinite displacement from the centre of the electrode arrangement, or 
they are mathematically stable but the ion’s limit of excursion places it outside the 
electrode arrangement. Other trajectories, however, are stable and allow ions of 
a desired mass/charge to be passed to a detector or subsequent electrode arrange­
ments. When U =  0, the mass filter is RF-only or non-mass-filtering and exhibits 
stable trajectories for a large range of mass/charge. When U =  0, and as U /V  is 
increased, only a small, decreasing range of mass/charge experiences a stable tra­
jectory. Thus, by carefully selecting values of U, V and Q, a desired mass/charge 
ratio can be transmitted through the mass filter to the exclusion of all other ions. 
A quadrupole mass spectrum is acquired this way by either scanning U and V with 
both U /V  and Q constant, or by scanning Q with U and V constant. The quadrupole 
mass filter is the primary means of mass-selection described in many of the above 
techniques and methods.
The quadrupole ion trap is derived from the quadrupole mass filter. The earliest 
ion traps were the RF quadrupole or three-dimensional (3D) ion traps (Paul traps), 
first reported in 1953 [155]. The electrode configuration can be considered the solid 
of rotation formed by rotating the quadrupole mass filter in Fig. 1.11 about an 
axis orthogonal to the z-axis and passing through the centre of an electrode pair. 
This results in an electrode configuration containing a torus-shaped ring electrode 
and two end cap electrodes, best demonstrated by a cross-section photograph as in
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Figure 1.13: Pure quadrupole field confining a charged particle Q. Reproduced 
directly from [157]
Fig. 1.12, adapted from [156]. This arrangement is axially-symmetric and, as with 
the quadrupole mass filter, an RF drive potential and a DC potential are applied 
between the ring electrode and end caps to create a three-dimensional electric held 
that confines the ions. However, it is often more convenient to maintain the end cap 
electrodes at ground and only power the ring electrode. This results in a saddle- 
shaped, pure quadrupole held, the oscillations of which can be represented by a 
rotation of the potential about the c-axis[153]. This is demonstrated illustratively 
in Fig. 1.13 [157], the quadrupole potential rotates about the ^-axis resulting in a 
time-averaged potential energy well that confines the charged particle Q.
In 1988, the trapping of ions was reported in a linear quadrupole ion trap[158]. 
Such arrangements are more recent and conserve the basic structure of the 
quadrupole mass hlter i.e. four parallel electrodes in a square arrangement, Fig. 1.11. 
In a linear quadrupole ion trap, the ions are confined to two dimensions: radial and 
axial. Most of the utility of the 3D ion trap is conserved in the linear ion trap, how­
ever, the LIT is a physically larger device and benefits from a larger ion capacity and
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thus enhanced sensitivity (approximately sixfold), as well as from decreased loss of 
mass resolution at higher ion loadings[153, 159]. Further advantages are the simpli­
fied construction and more rapid scan times. Because the experimental component 
of this study employs an LIT mass spectrometer, the remainder of this section will 
discuss the operating principles of the linear quadrupole ion trap.
The motion of an ion experiencing an electric field 0o =  U +  V cos Qt can be 
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dt2wry = -------2 0o z =  0mro2 (1.2)
Where e is the elementary charge (i.e. the charge on a proton), m is the mass 
of the ion and r0 is the radius of the circle formed by the electrode arrangement. 
These equations of motion can be transformed into a more convenient form if the 
substitutions in Equation 1.3 are made.
ar =  — az
4eU





The above equations of motion then take the form of the Mathieu equation:
d2r
=  (ar +  2qr cos 2r)r =  0 
dr 2 (1.4)
d2z
dr2 =  (az +  2Qz cos 2r)z 0 (1.5)
The radial and axial a and q parameters, in this case, become trapping param­
eters and determine whether the solutions to the Mathieu equation are stable, i.e. 
the ions pass periodically through r, z =  0, or whether they are unstable and the 
ion’s displacement increases towards infinity. For a LIT, no DC voltage is applied to 
the electrodes, therefore U =  0 !  a =  0. Thus, the stability of an ion’s motion in a 
linear ion trap is dependent on the q-parameter. An ion observes a stable trajectory 
when 0 < q < qmax. Fig. 1.14, reproduced from [156], illustrates the region of stable 
q and a parameters along the z-axis of a 3D quadrupole ion trap (qz and az). In 
the case of a linear quadrupole ion trap, the z-axis is the axial direction and az =  0, 
thus the greatest value of qz for which ions are axially stable, and thus trapped, is 
read from the chart as the intersection of the x-axis (qz) with the 0z =  1 stability 
boundary: qzmax =  0.908. The qz-parameter can be chosen by varying the zero-to- 
peak amplitude of the RF drive voltage, V. For values 0 < qz < 0.908 the ion’s of
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Figure 1.14: Region of simultaneous stability in the r and z directions for a 
3D quadrupole ion trap. Reproduced directly from [156]
mass m are trapped and for values of qz >  0.908 the ions are axially unstable and 
removed from the trap.
1.7.2 Thermo Scientific LTQ mass spectrometer
The Thermo Scientific LTQ is a series of commercial LIT mass spectrometers imple­
menting an enhanced linear quadruple ion trap electrode arrangement. A modified 
LTQ mass spectrometer was used throughout the experimental component of this 
work.
Thermo Finnigan LIT
The linear quadrupole ion trap deployed in the LTQ mass spectrometers was first 
disclosed by Schwartz et al. of Thermo Finnigan in 1995 [153, 159]. This LIT uses 
the same electrode arrangement as other quadrupole devices, however, each rod is 
cut into three sections, illustrated in Fig. 1.15. Appropriate potentials are applied to 
the two end sections, allowing the ions to be constrained to the centre section where 
they do not experience the electric field distortions, and thus unwanted excitation, 
at the edges of the ion trap. This is shown in the simulation in Fig. 1.16, reproduced 
from [159]. The ions are constrained to the centre section where the axial electric 
field is homogenous.
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Figure 1.15: Schematic of the Thermo Finnigan LIT illustrating the three 
electrode sections. Reproduced directly from [159]
Figure 1.16: Simulation of the electric field inside the Thermo Finnigan linear 
quadrupole ion trap. Reproduced directly from [159]
The other important difference of the Thermo LIT, is that ions are ejected radi­
ally through slits in the electrodes via resonance-excitation. In resonance-excitation, 
the frequency at which an ion of a certain mass/charge oscillates in the quadrupole 
field (i.e. the secular frequency, ! z) is exploited to eject the desired ions from the 





The RF frequency is known experimentally and qz can be calculated using Equa­
tion 1.3 and it is possible to determine the frequency at which an ion of a given 
mass/charge is oscillating within the electric field. Ions are ejected by varying V 
to bring them to a certain value of qz, the secular frequency is then determined 
using Equation 1.6 and a supplementary RF waveform is applied at this frequency 
to impart kinetic energy to the ions oscillating at this frequency -  destabilising them 
such that they are ejected through the slits in the electrodes towards the conversion 
dynode detectors.
To mass-select ions, V is configured such that ions of the target m /z possess a qz- 
parameter of 0.830. All ions with qz > 0.908 become axially unstable, this enforces 
a low-mass cutoff on the experiment. The remaining ions, not of the target m /z are 
removed by resonance ejection. This involves the application of a supplementary 
RF waveform that is the convolution of sine functions of all frequencies from 5 - 5
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Figure 1.17: Illustration of the Thermo Finnigan LTQ scan out. Reproduced
directly from [161]
kHz except that which corresponds to the secular frequency of the target m/z.
To record a mass spectrum, V is continuously scanned to bring sequential m /z 
values to a qz-parameter of 0.880, while an RF waveform of the corresponding sec­
ular frequency is applied. Ions of known m /z are sequentially ejected towards the 
detectors. This is illustrated in Fig. 1.17 where ions of various m /z enter the ion trap 
and, during the acquisition of a mass spectrum, are ejected towards the detectors 
through slits in the electrodes in order of ascending m /z.
Similar to resonance ejection, ions of a certain m /z can be activated collisionally 
by applying a low-amplitude RF waveform at the secular frequency. This increases 
their radial kinetic energy and thus the number of buffer gas collisions, the energy of 
these collisions is converted to the internal energy of the ion and redistributed about 
its degrees of freedom. After enough collisions, the internal energy of the molecule 
can surmount bond dissociation energies, leading to fragmentation.
The LTQ layout
A schematic of the internal components of a Thermo Scientific LTQ mass spectrom­
eter is shown in Fig. 1.18[161]. The aforementioned components appear on the right 
of the schematic, the linear quadrupole ion trap and the detectors, which comprise 
a ±15 kV conversion dynode and a channel electron multiplier. The remainder of 
the components fulfil the roles of removing solvent and neutral species, and guiding 
the ions into the ion trap. This arrangement is very well suited to photodissocia­
tion experiments. To the right of the back lens in Fig. 1.18, there is a removable 
aluminium backplate that is intended to facilitate the coupling of additional mass 
analysers (e.g. FT-ICR or Orbitrap). Removing this backplate exposes the linear 
ion trap assembly and the 2 mm back lens orifice that is collinear with the z-axis of
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Figure 1.18: Schematic of the internal components of a Thermo Scientific LTQ 
mass spectrometer. Reproduced directly from [161]
the ion trap and thus collinear with the trapped, linear ion ensemble. The Q00, Q0 
and Q1 assemblies are also collinear. However, the skimmer is a cone with an offset 
aperture that assists in the removal of neutral species. Removing this backplate 
affords laser access, with high overlap, to the trapped ion population with the beam 
positively terminating on the rear surface of the skimmer cone. This is discussed in 
greater detail in Chapter 2.
1.7.3 Optical parametric oscillator
An optical parametric oscillator (OPO) is an optical device for downconverting 
photons from a high-intensity pump laser into photons of a lower frequency (i.e. 
longer wavelength). An OPO system was used almost exclusively as the photon 
source in this study. An OPO contains a crystal that is pumped by a high-intensity 
pump laser of a single frequency, ! 3. Some of this light is downconverted and 
photons of three different frequencies are then emitted from the crystal: the residual 
unconverted pump laser (o 3), the signal (oq) and the idler (o2). This is shown 
schematically in Fig. 1.19. The frequency of the signal photons, oq, is a function of 
the pump laser’s angle of incidence on the OPO crystal and the idler frequency, ! 2, 
can be determined by the conservation of energy expression ! 3 =  oq +  ! 2. Thus by 
configuring the angle of the OPO crystal, the desired signal or idler frequency can 
be generated and subsequently selected using a dispersive prism.
Classically, when an electromagnetic wave passes through a medium, the electric 
polarisation is considered to be linearly proportional to the applied electric field, E , 
shown in Equation 1.7 and a result of Maxwell’s equations.
P =  eoXE (1.7)
where P is the polarisation density (i.e. electric dipole moment per unit vol-
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Figure 1.19: Schematic operation of an optical parametric oscillator.
ume), e0 is the electric constant and y is the electric susceptibility of the material. 
However, an 0 P 0  crystal is composed of a nonlinear optical medium, meaning that, 
at sufficiently high light intensities, P responds nonlinearly to E. This relationship 
can be expressed generally as a Taylor expansion of P in terms of E [162], Equa­
tion 1.8.
P =  eoX'(1)E +  e0X'(2)E2 +  e0;y(3)E3 +  ... (1.8)
Where yd) js the linear susceptibility, is the second-order susceptibility, 
yC) is the third-order susceptibility, and so on. Second-order, or yC\ non-linearities 
characterise a number of optical processes including secondary harmonic genera­
tion (SHG) and sum frequency mixing (SFM). These two examples are parametric 
because the non-linear medium does not play an active role. As such, they occur 
instantly as the medium does not need to respond to the electric held. Examples of 
nonlinear processes where the medium actively participates include Raman scatter­
ing and multiphoton absorption.
The operation of an OPO relies on the ;yG) parametric interaction of three waves. 
In the case of collinear Gaussian beams with complex amplitudes A\, A2 and A3 
propagating in the c direction, this interaction can be expressed as Equation 1.9.
8 A
=  ;y(2)A2A3exp(-?;AA^) (1)
=  X{2)A lA 3exp (-iA k z )  (2) (1.9)
8 A-
- ^  =  - X {2)A iA 2exp(+iA kz) (3)
Where Ak  is the phase mismatch and waves 1, 2 and 3 are the signal, idler 
and pump laser waves mentioned above. The phase mismatch describes the phase 
relationship between the pump wave and the two product waves. For an efficient 
parametric interaction, this mismatch should be close to zero i.e. the amplitude 
contributions from different points along the ^-axis should be in phase with the 
product wave at the boundary of the crystal. For this case, this is true when the
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three wave vectors satisfy the condition k3 =  ki +  /c2 [163, 164].
Consider Equation 1.9 when Ak =  0, this is when the interaction is most effi­
cient. In an OPO, the pump laser amplitude, A3, is always real. In the case where 
there is no signal or idler intensity (Ai =  A 2 =  0), the change in amplitude of all 
three waves is zero. However, if there is idler signal (A2 is real), then the intensity 
of the signal, Ai, will increase according to Equation 1.9(1), which results in further 
growth of A2, Equation 1.9(2), and then a depletion of the pump amplitude, A3, 
in accordance with Equation 1.9(3). The scenario is equivalent when Ai and A3 
are real and A2 =  0. Because these interactions are parametric and don’t actively 
involve the medium, energy must be conserved within the waves -  giving reason to 
the ! 3 =  ! i +  ! 2 condition mentioned above.
These interactions govern the function of an optical parametric oscillator. The 
effect by which the two product photons are generated is referred to as either para­
metric generation or spontaneous parametric downconversion. It involves the ’split­
ting’ of the pump photon into the signal and idler photons[164] and is stimulated 
by signal and idler modes that are created spontaneously from quantum vacuum 
fluctuations, i.e. the temporary appearance of energetic particles permitted by 
the uncertainty principle, within the crystal field. These random events are rare, 
emitting on the order of 10-9 signal/idler photon pairs per pump photon[165], and 
provide the conditions (A i or A2 is nonzero) for parametric generation, which is 
the growth of A i and A2 and the depletion of A3 according to Equation 1.9 and 
described in the above paragraph. For simplicity, the vacuum fluctuations can be 
considered ’background waves’ that are amplified by the energy transfer from the 
pump laser. In an optical parametric oscillator, the pump laser light is resonated 
within an optical cavity containing the nonlinear medium, through which each pulse 
now makes many passes -  the nonlinear crystal acts as the gain medium does in a 
laser.
Equation 1.9 was described above for the case of Ak =  0, and it was shown that 
this a condition for parametric generation. When there is phase mismatch, however, 
the relative phases between the three waves are position dependent. This results 
in intensity from the signal and idler waves being transferred into the pump wave 
intensity at points along the waves’ propagation, leading to inefficient or negligi­
ble parametric generation. This gives the OPO its wavelength specificity as phase 
matching only occurs for a narrow range of frequencies. Wavelength tunability is 
granted by the ability to change a nonlinear crystal’s phase matching properties 
by changing either it’s temperature or, more commonly, it’s angle relative to the 
direction of wave propagation (the z-axis). The wavelength tuning range afforded 
by rotating the nonlinear crystal is large. Commercial OPOs pumped by ultravio­
let lasers can tune through different output wavelengths across the entirety of the
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visible spectrum into the near-infrared. In these systems, tunable ultraviolet light 
is generated through frequency-doubling or secondary harmonic generation (SHG), 
which is another non-linear process.
Secondary harmonic generation is often described as the annihilation of two 
pump photons to produce an output photon of twice the frequency[162]. Consider 
Equation 1.9 for the case of SHG, two input waves are degenerate (A 1 =  A 2, ! 1 =  ! 2) 
and the output wave is upconverted to a frequency ! 3 =  2oq. It is clear that the 
amplitude of the output intensity is proportional to the square of the pump intensity 
and not dependent on vacuum fluctuations. Also evident, is that intensity in the 
pump laser can be further converted to frequency-doubled output intensity once A3 
is real.
The primary advantage OPOs have over other laser systems is their very wide 
tuning range. However, because OPOs require light of high intensity and high 
spatial coherence, they are often pumped by pulsed nanosecond Q-switched lasers. 
This leads to a wide output linewidth (~  7 cm-1 for the OPO used in this study) 
and large shot-to-shot variations, due to the inability of the OPO optics to reach a 
thermally steady state. Finally, the nonlinear crystals used in OPO systems are also 
sensitive to (and may become damaged by) moisture and temperature-variations.
1.8 Summary and thesis overview
This thesis presents a new instrumental arrangement for photodissociation action 
spectroscopy that couples commercial equipment and overcomes many limitations 
of existing setups. This instrument is applied to a gas-phase study of protonated 
pyridine and several of its derivatives for which significant insight is provided into 
their photophysics and photochemistry. The thesis contains six further chapters 
arranged as follows:
• Chapter 2 describes the development and validation of the instrumental ar­
rangement and experimental method. The results of the initial experiments 
on protonated haloaniline cations are then presented. This chapter is derived 
from the work reported in Hansen et al., J. Am. Soc. Mass Spectrom. 24 , 
932-940 (2013).
n h 3+ n h 3+i 3 n h 3+i 3
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• Chapter 3 investigates the spectroscopy and photochemistry of the gas-phase 
protonated pyridine cation. The experimental component comprises results 
acquired using the photodissociation action spectroscopy setup described in 
Chapter 2, the same setup with a narrow-linewidth dye laser photon source 
and a resonance-enhanced photodissociation spectroscopy arrangement at The 
University of Melbourne. A detailed analysis of the spectroscopy is given. This 




• Chapter 4 studies the spectroscopy and photochemistry of N -alkylpyridinium 
cations. The methyl- case is the focus of this chapter, which is based on the 
work published in Hansen et al., J. Phys. Chem. A 117, 10839-10846 (2013).
R
N-alkylpyridinium
• Chapter 5 investigates the gas-phase spectroscopy and photochemistry of the 




• Chapter 6 examines the spectroscopy, excited state character and photodisso­
ciation processes of the protonated quinoline and isoquinoline cations. This 
chapter reports work previously published in Hansen et al., Phys. Chem. 




Chapter 1. Introduction 35
• Chapter 7 summarises the findings of this thesis, presents a more holistic 
photochemical and photophysical description of this class of ions and concludes 
the thesis.
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Chapter 2
Instrumentation and Initial 
Experiments
The chapter describes the photodissociation action spectroscopy method develop­
ment and benchmarking. It is derived from the following peer-reviewed publication:
Christopher S. Hansen, Benjamin B. Kirk, Stephen J. Blanksby, Richard A. J. 
O’Hair, and Adam J. Trevitt, UV Photodissociation Action Spectroscopy of Haloanilin- 
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2.1 Overview
The method development work in this thesis builds upon the doctoral work of Ben­
jamin Kirk[1], where a commercial linear quadrupole ion trap mass spectrometer 
was modified to allow the introduction of a pulse-on-demand, fixed-wavelength laser 
pulse. A principal application for these modifications was the preparation of radi­
cal species following UV photolysis of labile bonds, typically carbon-iodine. In the 
present study, modifications conserve the existing photolysis arrangement and couple 
the mass spectrometer to a tunable laser source for investigating the wavelength- 
dependent photodissociation and spectroscopy of trapped ions. These existing mod­
ifications are described in only moderate detail in section 2.3. Section 2.4 then 
describes the photodissociation action spectroscopy setup in detail -  including the 
optical coupling of both the existing and the new photon sources and the synchro­
nisation of the mass spectrometer, the static repetition rate OPO laser system and 
the control software for automated acquisition and inline data analysis. The initial 
experiments undertaken to validate and benchmark the new instrumental arrange­
ment are discussed in section 2.4.6 -  reproduced from the Results and Discussion 
section of reference [2], upon which a large portion of this chapter is derived.
Section 2.5 describes the setup used to introduce neutral reagents into the ion 
trap for the structural elucidation of isomers. This also extends on previous work[1, 
3]. The methods used to generate the target gas-phase ions are described in section 
2.6, including the synthetic chemistry used to prepare N-substituted pyridinium 
derivatives in 2.6.2.
2.2 Instruments
This section lists the manufacturer, model and important specifications of the key
instruments that will be referred to throughout this chapter.
LTQ The mass spectrometer is a Thermo Fisher Scientific LTQ linear quadrupole 
ion trap mass spectrometer controlled using the Xcalibur software package, 
described in detail in section 1.7.2 and henceforth referred to as the LTQ.
M inilite The pulse-on-demand, fixed-wavelength laser is a Continuum Inc. Minilite 
II Nd:YAG laser. The beam spot is approximately 3 mm in diameter and the 
typical pulse energy at 10 Hz is 4 mJ for 266 nm, 8 mJ for 355 nm, 25 mJ for 
532 nm and 50 mJ for 1064 nm. The pulsewidth is ~5 ns.
O P O  laser system  The tunable optical parametric oscillator (OPO) laser system 
(described in detail in section 1.7.3) comprises a Spectra-Physics Quanta-Ray
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INDI Nd:YAG pump laser operating at 10 Hz and a GWU-Lasertechnik flex- 
iscan (versaScan+uvScan) OPO system with the UV-L and UV-S secondary 
harmonic generation (SHG) crystal options and the UV-L+ sum frequency 
mixing (SFM) option. The third Nd:YAG harmonic (355 nm) is used to pump 
the OPO system with approximately 100 mJ of energy per pulse.
Digital delay generator The delay generator is a Quantum Composers 9520 8- 
channel Digital Delay Pulse Generator. The resolution is 250 ps, with an 
accuracy of 1 ns and <50 ps jitter. The unit is capable of operating in gated and 
triggered mode simultaneously -  crucial for the application described herein.
B eam  shutter The mechanical beam shutter is a Thorlabs SH05 1/2 inch optical 
beam shutter controlled by a Thorlabs SC10 shutter controller. Within this 
configuration, there is an 8 ms delay between charging the shutter and its initial 
movement. Following this delay, the shutter opens within 3 ms. There is a 
17 ms delay between removing the energising voltage and the shutter closing. 
The shutter controller compensates for these delays involved in closing the 
shutter and has an accuracy of 1 ms.
P h otod etector The amplified photodetector is a Thorlabs DET36A/M biased sil­
icon detector with a wavelength range of 1100 -  350 nm and a rise time of 14 
ns.
W avem eter The wavemeter is a Toptica HighFinesse W S/5 Precision Wavelength 
Meter employing Fizeau interferometers. The measurement range is 1120 -  
350 nm with an absolute accuracy of 3000 MHz (~0.1 cm-1). Before each 
use, the wavemeter is calibrated on a vacuum wavelength scale at 632.991 nm 
using a stabilised Helium-Neon (HeNe) laser, Thorlabs HRS015.
Laser power m eter The laser power meter is a Gentec-EO Solo2 laser power mon­
itor with a UP19K-15S-W5 power detector. This detector has an aperture 
diameter of 17 mm and can measure laser powers up to 15 W.
2.3 Commercial mass spectrometer modified for 
photolysis experiments
In order to perform photolysis experiments within the LTQ ion trap, modifications 
are required to afford optical access to the laser systems (2.3.1) and to allow the 
mass spectrometer to trigger external devices (2.3.2).
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2.3.1 Optical access to the ion trap
The LTQ mass spectrometer has a removable aluminium backplate that is intended 
to facilitate the coupling of additional mass analysers (e.g. FT-ICR or Orbitrap). 
Removing this backplate exposes the linear ion trap assembly and the 2 mm back 
lens orifice that is collinear with the z-axis of the ion trap and thus collinear with 
the trapped, linear ion ensemble (see Section 1.7.2). A 10 mm hole, aligned to the 
back lens orifice, was milled into this removable backplate over which a 2.75 inch, 
vacuum-sealed CF quartz viewport was mounted. This viewport is 1/8 inch thick 
and specified for >90% transmission across the wavelength range 2.0 ^m -  220 nm. 
This allows optical access to the ion trap with good overlap of the trapped ion cloud. 
Once transmitted through the ion trap region, laser light continues to propagate 
through the LTQ ion guides (Q1 and Q0, see Section 1.7.2) before terminating on 
the rear of the skimmer cone.
2.3.2 Triggering an external device
The commercial Xcalibur software allows the setting of positive logic TTL trigger 
pulses (+3.2 V) that appear on the sync test point of the LTQ system control board 
at various stages of each MS cycle. These triggers can be set to appear at any 
combination of one or more of the following stages of a MSn sequence: beginning 
of scan, injection period, isolation, activation and scan out. During a photolysis 
experiment, when irradiation by a laser pulse is required, the target ion m/z is 
activated with a normalised collision energy of 0% and the trigger held to positive 
potential for the duration of this activation MSn step. This leading edge can be 
used to trigger external instrumentation or for the temporal synchronisation of two 
experimental setups through a delay generator.
2.4 Photodissociation action spectroscopy
2.4.1 Overview
A timing scheme synchronising the mass spectrometer and tunable laser system, 
ensuring a trapped ion population is only ever irradiated by a single, complete laser 
pulse, is presented in section 2.4.3. Control software that automates the acquisition 
of photodissociation action spectra, and performs the inline analysis of data (section 
2.4.4) is described in section 2.4.5. Finally, the initial experiments performed in order 
to benchmark and validate the new instrumental arrangement are described in sec­
tion 2.4.6: A photodissociation action spectrum of (phenyl)Ag+ was recorded using 
the instrumentation and method described in this chapter. This spectrum compared
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LTQ ion trap mass spectrometer
Pump laser Optical parametric oscillator Beam enclosure
Figure 2.1: Photograph of the experimental setup in a routine PD action 
spectroscopy configuration.
well to a literature spectrum, validating the new arrangement and also illustrating 
the increased photon range provided by the sum frequency mixing option (see Sec­
tion 2.4.2 for more detail) and the higher resolution facilitated by the automation 
protocols described in section 2.4.5. The PD action spectra of 4-chloroanilinium, 
4-bromoanilinium, and 4-iodoanilinium are also reported to illustrate the capacity 
of this experiment to monitor multiple PD product pathways and provide insight 
into the photochemical processes that follow absorption.
2.4.2 Optical coupling of photon sources
The OPO laser system is pumped by the third harmonic (355 nm) of a Nd:YAG laser. 
The exit aperture of the OPO resides inside a purpose-built poly(methyl methacry­
late) (PMMA i.e. perspex) beam enclosure where the laser path is contained. A 
photograph of the experimental layout is shown in Fig. 2.1. The experimental setup 
is built upon a 2400 x 1200 mm M6 optical table. The pump laser, OPO laser 
system, beam enclosure and LTQ are indicated.
Fig. 2.2 is a schematic illustration of the experimental layout. The important 
internal components are shown and those that will be discussed in the text have 
been annotated. The laser path is directed to enter the LTQ through the viewport 
(V ), traverse the z-axis of the ion trap (Q IT) and terminate on the rear of the 
skimmer cone (Sk). The skimmer cone and front-end ion optics can be removed to
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Figure 2.2: Instrumental arrangement schematic demonstrating the coupling 
of both laser beamlines to the ion trap. Components discussed in the text are 
annotated.
facilitate laser alignment through the mass spectrometer. Once this alignment was 
achieved, two apertures (A i and A 2) were fixed to be coaxial with the aligned beam. 
The future alignment of laser light to the ion trap is then performed by aligning the 
incoming beam to A i and A 2.
Beginning in the lower right corner of the schematic, the three harmonics from 
the Nd:YAG pump laser (1064, 532 and 355 nm) enter the OPO laser system. These 
harmonics are then separated by the entry dichroic mirrors. The 355 nm is directed 
into the OPO cavity (O PO ) where the signal and idler photons are generated and 
passed into the secondary harmonic generation module (SHG). The 532 nm light is 
terminated on a fixed beam dump and the 1064 nm light enters a removable beam 
dump (BD) that can be removed to pass the 1064 nm light to the SH G unit for sum 
frequency mixing (SFM). SFM extends the wavelength-range to provide increased 
power across the OPO degeneracy region (410 -  300 nm). A small amount of the 
signal OPO light can be reflected by a 1 mm deep fused silica window towards a 
broadband visible mirror targeted on a fibre optic pickoff (PO). This fibre optic is 
coupled to the wavemeter and is used for calibration of the OPO wavelength.
The SH G module contains two rotating BBO doubling crystals, a right-angle 
(90°) prism, a Pellin-Broca prism on rotational mount, a beam dump and exit slits. 
The first doubling crystal (UV-S) has a cut angle that enables frequency-doubled 
output across the range 260 -  220 nm and the second crystal (UV-L) is effective 
from ~320 -  255 nm. In the case of SFM operation, mixing with residual 1064 
nm photons occurs in the latter. These two crystals rotate together to compensate 
for the displacement of the beam. Frequency doubled light is directed by a right- 
angle prism into a Pellin-Broca prism that is tuned to align the unwanted light (e.g. 
residual signal or idler) to the beam dump and direct the desired light through the





Figure 2.3: Annotated photograph of the two laser system beam paths coupled
to the LTQ linear ion trap mass spectrometer.
exit slits.
After exiting the SHG unit, the OPO output is spatially divergent in the vertical 
plane. To account for this, a single 500 mm quartz cylindrical lens (C 2) is mounted 
after the OPO exit aperture, this achieves an approximately collimated beam and 
C i is not used (no lens is mounted). Due to the varying asynchronicities between 
the pump laser repetition rate and the cycling of the mass spectrometer, many of 
the laser pulses are blocked by a mechanical shutter (S). This is described in more 
detail in section 2.4.3.
The OPO beam is steered through the alignment apertures (A 1 and A 2) using 
two 25 mm diameter fused silica right-angle prisms (P 1 and P 2). These prisms 
are arranged periscopically as annotated in Fig. 2.3, which labels the important 
components of the two beampaths. The Minilite fixed-wavelength photolysis laser 
(M L) beam is directed through one 5 mm right-angle fused silica prism (P 3), two 
10 mm right-angle fused silica prisms (P 4 and P 5) and is reflected off a dichroic 
mirror with the appropriate wavelength (266, 355 or 532 nm) coating. The beam 
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dichroic mirror reflects the M L beam into the ion trap while allowing the OPO 
beam, > 270 nm, to pass through. This mirror is installed on a kinematic 90° 
flip mount (Thorlabs FM90/M) and can be moved out of the beampath when not 
required.
2.4.3 Temporal synchronisation
Using the trigger pulse from the LTQ, described above in Section 2.3.2, synchro­
nisation to a pulse-on-demand laser system is straight-forward. The external LTQ 
trigger, corresponding to the desired photodissociation MSn step, is used to trigger 
the laser flashlamp, which is followed by a preset Q-switch delay to provide the laser 
pulse. However, for stable and optimal output from the OPO system, the pump 
laser should be operated at an uninterrupted, constant rate. In this case, the pump 
laser and OPO setup is optimised for 10 Hz operation. In contrast, the timing of 
the mass spectrometry cycles can be variable and depend on many factors including 
the number of steps in the MS sequence, the MS ion injection time (automatic gain 
control) and user input delays for different isolation, activation and mass analysis 
steps. Acquisitions on this instrument typically cycle on the order of hundreds of 
milliseconds and this presents a synchronisation challenge. The laser pulse should 
irradiate ions only at the appropriate time, thus, if the laser is operated at 10 Hz, 
many of the laser pulses need to be blocked by a mechanical beam shutter. This 
challenge is often addressed by opening the shutter for one period of the pump laser 
such that one total laser pulse interacts with the ion ensemble. However, this can 
result in incomplete and/or multiple pulses interacting with the trapped ions. A 
method is presented herein that ensures only a single, entire laser pulse is allowed 
to enter the ion trap. This is accomplished using a gated digital delay generator, 
an amplified photodetector and triggered beam shutter (instrumentation details see 
2.2) according to the timing scheme shown in Fig. 2.4.
Step (a) in Fig. 2.4 describes to the photodissociation MSn step. The duration 
of this step is configured to 2T where T is the period of the pump laser (100 ms for 
a 10 Hz laser in this case). This ensures that the laser is fired at least twice during 
the photodissociation MS step; the first pulse terminates on the beam shutter and 
is used to synchronise the delay generator and the pump laser and the second pulse 
is that which irradiates the trapped ion ensemble. For the duration of this MS step, 
a positive TTL pulse appears on the GATE terminal of the digital delay generator. 
The delay generator is configured in pulse-inhibit mode that ignores trigger pulses 
while the GATE terminal logic is low. This has the effect of holding the delay 
generator off and turning it on only when ions are isolated in a photodissociation 
MS step.

























single laser pulse 
irradiates sample
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Figure 2.4: Timing scheme to synchronise a single pulse from a static repetition 
rate laser system with a photodissociation mass spectrometry cycle. T is the 
period of the pulsed laser i.e. 100 ms for a 10 Hz laser.
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The first laser pulse occurring within the PD MS step is used to synchronise 
the delay generator with the pump laser. This is performed for every cycle of the 
mass spectrometer. An amplified photodetector (PD  in Fig. 2.2) is targeted on 
the diffuse scatter from the pump laser harmonic generation crystals, providing an 
electrical trigger signal corresponding to each laser pulse (Fig. 2.4b). These PD  
signals are connected to the TRIGGER terminal of the digital delay generator. As 
the delay generator is gated, the first pulse arriving within the PD MS step is also 
the first trigger recognised by the delay generator logic. The delay generator is 
configured to deliver a positive signal spanning 2T after a delay of |T, shown in 
Fig. 2.4c. This signal is wired to the trigger terminal of the shutter controller, 
which is configured to open the shutter for 100 ms (1x T ) once the rising edge of a 
logic pulse is detected, Fig. 2.4d. This ensures that the opening of the shutter fully 
envelopes the photodissociation laser pulse, illustrated in Fig. 2.4e. The extra width 
of the shutter TTL pulse (Fig. 2.4c) maintains high logic on the shutter controller 
trigger terminal such that shutter will remain closed for the rest of the PD MS step 
even if the delay generator receives further triggers. This is important when the first 
laser pulse occurs at the very early stages of the GATE pulse, allowing a third pulse 
to occur at the end of the PD MSn step. Fig. 2.4f represents the single laser pulse 
that irradiates trapped ions. A photodissociation mass spectrum that observes this 
timing scheme in Fig. 2.4 can be proceeded by further MSn processes or the ion trap 
can be scanned out to record a photodissociation mass spectrum.
2.4.4 Data analysis
At each laser wavelength across a PD action spectrum, typically 30 seconds of mass 
spectra are acquired and this corresponds to approximately 80 mass spectra depend­
ing on the ion injection times and the MSn sequence used to prepare and analyse the 
ions. A representative acquisition is shown in Fig. 2.5a for the A =  250 nm photodis­
sociation of the pyridineH+ ion (m/z 80) yielding a m/z 78 charged photofragment. 
The 83 mass spectra in this acquisition are stacked vertically and the relative inten­
sity is presented logarithmically on the intensity scale to increase the visibility of 
the photoproduct ion signal (~15 %). These spectra are then averaged to produce 
a single photodissociation mass spectrum like the one shown in Fig. 2.5b. The yield 
of photodissociation is calculated from the PD mass spectra, within the assump­
tion that the ion signal is linearly proportional to the ion abundance at each m/z. 
The abundance of each photoproduct is calculated from the area of the peak in the 
mass spectrum, calculated by summation of the heights of the datapoints compris­
ing the peak profile (green diamonds). The yield is then calculated by normalising 
the abundance of each photoproduct to the total ion count (TIC), i.e. the sum of




Figure 2.5: (a) Representative measurement sample used to construct a pho­
todissociation mass spectrum at a particular wavelength. In this case, the 
pyridineH+ ion (m/z 80) is irradiated with A = 250 nm laser light. The pri­
mary photoproduct is at m/z 78 with a relative abundance of ~15%. (b) The 
PD mass spectrum and yield determination constructed by averaging the data in 
(a). This is a typical experiment and 83 individual PD mass spectra are acquired 
during 30 seconds of acquisition time.
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Wavenumber / cm-1
Figure 2.6: Representative photodissociation action spectrum for the H2-loss 
channel of the pyridineH+ cation (m/z 80). The insets reveal truncated mass 
spectra acquired at the annotated points on the spectrum
all the mass spectral data points (green, red and black diamonds). This operation 
is shown schematically for representative data in Fig. 2.5b.
To account for the wavelength-dependent OPO power, for every experiment 
offline power measurements are recorded at each wavelength using a laser power 
meter placed in the beam path at the front of the viewport immediately before the 
light enters the mass spectrometer vacuum chamber. The PD yield is normalised 
to the power measurement and reported as the power-corrected photodissociation 
yield. Because the amount of light terminated on the back lens aperture and the 
overlap of the ion cloud and laser light is not quantified, the power-corrected yields 
are dimensionless and interpreted as relative measurements.
This formalism is implemented for each photodissociation channel at each laser 
wavelength to construct a photodissociation action spectrum that plots the power- 
corrected photodissociation yield as a function of wavelength. An example of a 
photodissociation action spectrum acquired using this instrumentation is shown, on 
a wavenumber scale, in Fig. 2.6. The mass spectra corresponding to the calculated 
yield is shown for three labelled points on the spectrum.
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_____________
Figure 2.7: Screw terminal connected to the peripheral control 6-pin connector
on the LTQ chassis. The terminal is wired for automated PD action spectroscopy.
2.4.5 Automation and control software
The timing scheme and optical arrangement described above allows for the acquisi­
tion of photodissociation action spectra. However, it would require the manual and 
tedious tuning of the OPO wavelength and sequential recording of mass spectral 
data. By exploiting some of the LTQ’s peripheral control features, originally in­
tended for liquid chromatography experiments, temporal control can be gained over 
the mass spectrometer behaviour. Software was then created using National Instru­
ments LabVIEW 2009 to fully automate the acquisition process and to analyse the 
data in real time as it is acquired.
The control software exploits the sequence feature of the Xcalibur software pack­
age. When the mass spectrometer executes a sequence, it acquires sequential mass 
spectra according to the instructions in a method file. This feature was originally 
intended to facilitate the automatic collection of mass spectra from multiple samples 
-  typically successive liquid chromatography samples. In the arrangement described 
here, each row corresponds to a different OPO wavelength. The method file defines 
the acquisition time (the number of mass spectra averaged at each wavelength), the 
number of steps within the MSn experiment, the location of the relevant MS tune 
file (that contains the MS experimental parameters) and, importantly, to wait for 
a contact closure signal (an external open circuit voltage) before commencing each 
acquisition.
On the side of the LTQ chassis, there is a 6-pin connector (photographed in 
Fig. 2.7) used to control peripheral devices such as liquid chromatograph systems or 
ion source samplers. This connector has three pairs of pins labelled Start In, Ready 
Out and Start Out, of which the former two facilitate the external control of the
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Figure 2.8: Simplified process flowchart for the LabVIEW control software 
demonstrating the interactions between the mass spectrometer and control soft­
ware.
LTQ system for PD action spectroscopy. The Start In pins, when used, require a 
closed or open circuit voltage (specified by the user) across them in order to begin 
each row in a sequence -  this is referred to as contact closure. In this experiment, 
zero bias is applied across these pins to simulate a closed circuit and a TTL pulse 
is used to simulate an open circuit in order to commence an acquisition.
The Ready Out pins simulate a closed circuit when the mass spectrometer is 
awaiting a contact closure event and an open circuit at all other times. A bias of 
+5 V is applied to one of these pins at all times and is thus detected on the other 
pin when an acquisition is complete. The appearance of this +5 V signal indicates 
that the LTQ is ready to commence another scan. This external control is critical 
to the automation of PD action spectra acquisition.
To exploit this control, the peripheral control connector is wired through a screw 
terminal (see Fig. 2.7) to a National Instruments USB-6008 analogue-to-digital con­
verter (ADC) that is controlled by custom LabVIEW software running on a personal
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computer workstation. At the commencement of a new experiment, the method and 
sequence files are created in the Xcalibur software and the m/z range of the expected 
photoproducts, the initial and final laser wavelengths and the increment step size 
are entered into the LabVIEW program. The LTQ is instructed to commence the 
sequence and thus begin awaiting an open circuit voltage on the Start In pins. The 
LabVIEW control software is then initiated. A flowchart demonstrating the main 
processes and execution flow of the control software is shown in Fig. 2.8.
Once the LabVIEW control software is initiated it first loads the libraries, con­
figuration, calibration and driver for the operation of the OPO. The experimental 
parameters are then read from manual inputs and the OPO stepper motors are 
moved to the initial wavelength. The main program loop then begins: a +5 V bias 
is applied, through the USB ADC, to the Start In pins. Immediately afterwards, the 
software begins probing the non-biased Ready Out pin at 100 ms intervals. Once 
the applied +5 V bias is visible across these pins, the raw mass spectral data is 
analysed according to the formalism described in section 2.4.4 and the raw pho­
todissociation yield is plotted on a photodissociation action spectrum that shows 
the realtime progress of the experiment. If the data has been acquired and anal­
ysed for the final wavelength, the experiment ends and the instruments enter their 
standby states. Otherwise, the wavelength is incremented and the main program 
loop repeats. A screenshot of the control software graphical interface is shown in 
Fig. 2.9. The experimental parameters and feedback from the OPO crystal stepper 
motors fill the leftmost column. The middle column reveals the current wavelength 
and corresponding wavenumber. On the right, the PD action spectrum is plot­
ted as it is acquired, error bars are added representing two standard deviation of 
uncertainty in each averaged mass spectral sample.
2.4.6 Validation and benchmarking
This subsection discusses the initial experiments performed using the PD action 
spectroscopy instrumentation described in the previous sections. It is reproduced 
from the Results and Discussion section of Reference [2], which also reports the 
above method development.
As a benchmarking experiment to compare similar but not identical instru­
mentation and to demonstrate the performance of the instrumentation described 
here, the PD action spectrum of (phenyl)Ag+ is plotted along with a reported 
spectrum acquired on a similar instrumental configuration[4] and is presented in 
Fig. 2.10. The (phenyl)Ag+ species was formed via collision-induced decarboxylation 
of (phenyl)CO2Ag+ as described in reference [4]. There is good general agreement 
between the data, but the spectrum measured here reveals additional information,
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Figure 2.9: Screenshot of the control software graphical interface during an
acquisition.
with our OPO photon range extending well into the 400 -  320 nm region. In our 
system, an increased photon range is afforded by mixing the residual Nd:YAG 1064 
nm light with the doubled OPO signal fundamental. Owing to the automation pro­
tocols outlined in this chapter that facilitate rapid acquisition of data and more 
efficient scanning, increased resolution is attainable without impractically long scan 
times. This spectrum also highlights that reactive intermediates formed via collision 
induced dissociation can be readily generated in a series of MS3 experiments and 
their PD action spectra acquired using the current instrumentation/apparatus.
To further investigate the performance of this instrumental configuration and 
demonstrate its utility, we studied the photodissociation of 4-chloroanilinium, 4- 
bromoanilinium, and 4-iodoanilinium over 300 -  220 nm. Haloanilinium ions were 
generated by positive electrospray ionisation of 10 ^M methanolic solutions of 
the precursor. This method is known to yield almost exclusively N-protonated 
haloanilinium ions[5].
Neutral aryl halides have been extensively studied and the photodissociation 
dynamics of many systems have been reported[6-12]. The photo-induced cleavage 
of the carbon-halogen bond occurs under UV excitation as the system accesses disso­
ciative electronic states. These dissociative states are rationalised by the excitation 
of electrons from nonbonding (n) orbitals on the halogen to anti-bonding a * orbitals 
localised around the carbon-halogen bond (a* — n). In the case of aryl halides, en­
hanced absorption efficiency is afforded by bound excited states (k* — k ) from the 
transitions within the ring k system. Predissociation of these bound states is the 
dominant photofragmentation pathway observed for many aryl halides. However, 
in the specific case of aryl iodides, the direct population of a* n excited states is
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Figure 2.10: Comparison between the total photodissociation action spectra 
for (phenyl)Ag+ acquired on the instrument presented in this paper (red) and 
extracted from [8] (blue). Here, a mixing option that combines residual Nd:YAG 
1064 nm light with the doubled OPO signal enhances the photon output in the 
400 -  320 nm region. Reproduced from reference [2]
also competitively observed[6, 8]. Although these w states are bound, and the 
energy of these transitions is mostly delocalised throughout the w system, energy can 
be redistributed throughout the tight network of electronic states lying at similar 
energies[12, 13]. Subsequent PD often occurs through the cleavage of the weakest 
bonds, typically -  but not exclusively, as will be shown -  the carbon-halogen bond. 
Other photodissociation channels may be accessed through internal conversion (IC) 
to the ground electronic state and the excess energy internally distributed within 
the ion. This excess internal energy can induce ground state fragmentation that can 
be reminiscent of collision-induced dissociation (CID). The partitioning of compet­
ing fragmentation channels depends on the relative bond-energies, the nature of the 
pathway to fragmentation, intramolecular vibrational redistribution (IVR), and the 
rate of deactivation of the dominantly populated electronic excited state.
According to the proposed SDDJ model of Sobolewski et a/.[14], the protonated 
amine group enriches the dissociative photochemistry through additional charge 
transfer a*— w electronic states. These states involve the transfer of an electron 
from the w system to a a* orbital on the protonated amine group, they are re­
pulsive with respect to the N-H coordinate and also lower the overall stability of 
the, now hypervalent, NH3 substituent[14, 15]. Although direct absorption to these 
states typically occurs in low yield, they are known to intersect the bound w* w 
states leading to rapid photodissociation[15]. Within this framework, we can expect 
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Figure 2.11: Photodissociation mass spectra (MS2 experiments) of (a)
4-35chloroanilinium at 230 nm, (b) 4-79bromoanilinium at 230 nm, (c) 
4-iodoanilinium at 230 nm, (d) 4-35chloroanilinium at 260 nm, (e) 4- 
79bromoanilinium at 260 nm, and (f) 4- iodoanilinium at 260 nm. Reproduced 
from reference [2]
Chapter 2. Instrumentation and Initial Experiments 68
In all three cases studied here, it was found that the haloanilinium ions each 
yielded three photoproducts in the 300 -  220 nm region as illustrated in the 230 nm 
PD mass spectra of 4-35chloroanilinium, 4-79bromoanilinium, and 4-iodoanilinium 
presented in Fig. 2.11a, b, and c, respectively. Three photoproducts are evident at 
this wavelength in each system. Using 4-35chloroanilinium as an example, the base 
peak at m /z 128 corresponds to the 4-35chloroanilinium precursor ions, whereas the 
peaks at m /z 93, 111, and 127 correspond to the losses of CP, NH3, and H  to yield 
the N -anilinium-4-yl radical cation, 4-chlorophenylium cation, and N-anilinium- 
N-yl radical cation, respectively. For the 4-bromoanilinium and 4-iodoanilinium 
cations, analogous photofragmentation channels are observed with product ions cor­
responding to the loss of X^, NH3 and H  being detected. These photoproducts and 
yields are compared to those measured under collision-induced dissociation (CID) 
(included as Figure S3 in the Supporting Information). Under CID, the loss of the 
halide appears to be the only significant channel for each of the three ions. The 
appearance of H and NH3 loss channels < 245 nm in the PD mass spectra suggests 
the involvement of more direct pathways to dissociation that are competitive, par­
ticularly for chloro- and bromoanilinium, and both channels can be rationalised by 
the previously mentioned charge transfer a* — n transition.
In the case of 4-chloroanilinium (Fig. 2.11a), all three photofragmentation chan­
nels have approximately equal yields at ~5 % relative abundance to the undissoci­
ated precursor. 4-Bromoanilinium exhibits a similar response (Fig. 2.11b) for the 
NH3 loss and H  loss channels but the loss of the halogen radical is approximately 
three times more efficient (~15 %). The spectrum of 4-iodoanilinium (Fig. 2.11c) re­
veals loss of the halogen radical is more efficient than for 4-chloroanilinium, but less 
efficient than for 4-bromoanilinium. The ions corresponding to NH3 and H  loss for 
the iodo- system are only visible after significant magnification. The ion correspond­
ing to H  loss is present at m /z 219 but not magnified in Fig. 2.11c. Fig. 2.11d, 
e, and f show the 260 nm photodissociation mass spectra of 4-chloranilinium, 4- 
bromoanilinium, and 4-iodoanilinium, respectively. Fig. 2.11d and e show only traces 
(<2 %) of photoproducts for the chlorinated and brominated systems (revealed by 
x50 magnification). In contrast, this wavelength corresponds to the maximum dis­
sociation value of 4-iodoanilinium in the spectrum, at ~20 % relative abundance. 
The ion at m /z 125 is a product of the addition of background oxygen to the N - 
anilinium-4-yl radical cation photoproduct (m/z 93).
In order to study the evolution of product yield and fractionation as a function 
of wavelength, mass spectra, similar to those shown in Fig. 2.11, were recorded from 
300 to 220 nm in steps of 1 nm. The photoproduct ion signals corresponding to the 
three aforementioned photofragmentation channels were integrated and normalized 
to the total ion count at each wavelength to construct a PD action spectrum. The
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Figure 2.12: Total photodissociation action spectra of 4- chloroanilinium, 4-
iodoanilinium, and 4-bromoanilinium. Reproduced from reference [2]
4-chloroanilinium, 4-bromoanilinium, and 4-iodoanilinium PD action spectra are 
shown in Fig. 2.12. Each spectrum has a broad peak within the 240 -  230 nm range 
that is centred at photon energies that decrease according to the halogen substituent 
trend Cl > Br > I. This trend follows the general trend of bond dissociation energies, 
for neutral phenyl halides (Ph-X) these corresponding bond energies are 97, 84, and 
67 kcal mol-1 for Ph-Cl, Ph-Br, and Ph-I, respectively[16]. The photon energies 
in this range span 120 -  125 kcal mol-1 . The 4-iodoanilinium PD action spectrum 
contains an obvious additional broad feature centred around 260 nm that is relatively 
weak in both the corresponding 4-bromoanilinium or 4-chloroanilinium spectra.
To investigate the processes responsible for these variations it is informative 
to decompose the total PD action spectra into their individual product channels. 
Shown in Fig. 2.13 are the PD action spectra for each of the three distinct photoprod­
uct channels: X  ̂ loss (Fig. 2.13a), NH3 loss (Fig. 2.13b), and H  loss (Fig. 2.13c) for 
the three haloanilinium ions. The photoproducts are plotted as relative yields, nor­
malised to the maximum yield of 4-iodoanilinium dissociation, so that the different 
product channels can be directly compared.
The broad features of these product specific PD action spectra vary in both 
location and intensity depending on the halogen substituent. On inspection of the 
4-iodoanilinium spectra contained in Fig. 2.13a, b, and c, corresponding to the loss 
of P , NH3, and H  respectively, the overwhelmingly dominant feature is the loss 
of P apparent in Fig. 2.13a where at 260 nm almost 100 % of the photoproducts 
detected appear at m /z 93. The onset of P loss occurs at ^300 nm and is a broad 
feature extending to ^220 nm. The loss of P does not comprise 100 % of the 
detected photoproduct channels, however. In Fig. 2.13c, some H  loss photoproduct 
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Figure 2.13: Photodissociation action spectra of the (a) loss, (b) NH3 loss, 
and (c) H  loss photodissociation channels of 4-chloroanilinium, 4-bromoanilinium 
and 4-iodoanilinium. Reproduced from reference [2]
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loss are noticed in Fig. 2.13b. The domination of the I* loss photoproduct channel 
is consistent with other aryl iodide UV photolysis studies that have shown I* loss 
is prompt; in the case of iodobenzene, the C-I bond is ruptured within ~350 fs and 
~700 fs at 266 nm for the a*—- n and n*—- n excitation pathways, respectively[10].
For the 4-bromoanilinium, the PD action spectra describing Br* loss, NH3 loss, 
and H* loss (Fig. 2.13a, b, and c, respectively) appear to be generally similar in 
position and relative intensity. The Br* loss photofragment has a weak onset at 
~275 nm that rises sharply at photon wavelengths shorter than 250 nm reaching 
a maximum photodissociation efficiency at ~235 nm. Interestingly, a similar band 
shape is measured for the NH3 loss and the H* loss channels, albeit significantly 
weaker in both cases. Energy redistribution leading the NH3 loss and H* loss appears 
equally likely around 235 nm. At this wavelength, the observed photoproducts 
are made up of 60 % Br* loss, 20 % NH3 loss, and 20 % H* loss. In the case 
of the corresponding phenyl halides, C-Br bond cleavage, 28 ps at 266 nm[10], is 
several orders of magnitude slower than the C-I bond. It is evident that significant 
energy redistribution may occur in the excited state leading to similar dissociation 
efficiencies across these three product channels.
Now considering the 4-chloroanilinium case, the loss of Cl* is much less effi­
cient across 300 -  220 nm compared to the iodo- and bromo- counterparts and 
reaches a maximum at ~230 nm with an onset around 240 nm (Fig. 2.13a). At 
this peak wavelength, NH3 loss and H* loss are also closely competitive (shown in 
Fig. 2.11a). The peaks for these photoproduct channels are roughly aligned at the 
same wavelength with similar onsets, reminiscent of the bromo- system, but slightly 
blue-shifted. Quantitatively, at this peak wavelength of 230 nm the photoproduct 
branching is distributed to 30 % Cl* loss, 30 % NH3 loss, and 40 % H* loss. For 
chlorobenzene irradiated at 266 nm, the C-Cl bond is broken within ~1 ns[10] and it 
is evident from the partitioning of the photoproducts that, at this time scale, energy 
redistribution to these three dissociative channels becomes much more competitive.
Across all these photoproduct channels, the trends generally follow what is ex­
pected for the increasing C-X bond dissociation energies. In studies where site 
specific radicals are generated by laser photolysis of iodinated ion precursors[17-23], 
this band is very well matched to the fourth harmonic (266 nm) of the commercially 
available Nd:YAG laser. The C-I bond is efficiently broken at lower photon energies, 
followed by Br* loss then the Cl* loss is the most blue-shifted. However, the broad 
I* loss band centered at 260 nm that dominates Fig. 2.13a is in stark contrast to 
the other cations demonstrating the prompt and efficient dissociation of the aryl-I 
bond at this photon energy. As mentioned above, this dissociation is likely mediated 
by transitions into a* orbitals localised on the C-I bond leading to prompt I atom 
elimination. In the case of neutral iodobenzene, these states reside at approximately
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4.05, 4.12, and 4.36 eV (306 -  284 nm) vertically above the ground state[12]. As 
the PD action spectra probe photo-induced fragmentation, the bromo- and chloro- 
species may absorb photons at this wavelength but fragmentation is not forthcom­
ing. REMPI spectra have measured vibrationally-resolved S1 — S0 transitions at 
~270 nm for the chlorobenzene[24] and bromobenzene[25] neutrals respectively. So, 
it is likely that the corresponding 4-bromoanilinium and 4- chloroanilinium cations 
do have significant absorption cross section in the 270 -  250 nm region but lack the 
direct dissociation channels for halogen loss, unlike iodoanilinum, and likely return 
to the ground state via IC and deactivate from collisions with the buffer gas. A 
small fraction of the 4-bromoanilinium species may dissociate on the ground state 
electronic surface -  small Br-loss yields are measured in the 270 -  250 nm region 
(Fig. 2.13a) -  before quenching by the buffer gas. At higher photon energies (< 245 
nm), dissociative states may be accessed.
2.5 Ion-molecule reactions
2.5.1 Overview
The gas-phase ion-molecule reactions have been widely studied and provide insight 
into the chemical reactivity of otherwise short-lived compounds, as well as allowing 
for the synthesis and characterisation of radical species[1, 26-32]. Ion-molecule re­
actions can also identify the structure of an ion when the information available (e.g. 
m/z) does not lead to a unique chemical structure[33-38]. Structurally-diagnostic 
ion-molecule reactions to verify the structure of m /z 78 photoproduct ions in Chap­
ters 3 and 4 of this thesis. The modifications to the LTQ allowing the introduction 
of neutral reagents into the ultra high purity (UHP) helium buffer gas are minor 
and well-described in the doctoral thesis of Kirk[1] and in the work of Harman et 
al. [3] and only a brief description is provided here.
2.5.2 Modifications for ion-molecule reactions
The LTQ is considered to have two modes of buffer gas operation: normal mode and 
ion-molecule mode. This is determined by the position of a three-way, L-shaped ball- 
valve that has been added to the helium buffer gas circuit. Under normal operating 
conditions, the helium buffer gas enters the LTQ from a regulated cylinder at 40 ±  
10 psi and is then regulated by a splitter that vents helium to maintain a suitable 
flow rate into the ion trap. The three-way ball-valve is positioned between the ion 
trap vacuum chamber and the flow splitter. This allows the buffer gas inlet to be 
connected to a gas-mixing manifold and second UHP helium cylinder (ion-molecule 
mode) without contaminating the existing fittings or interfering with the normal
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mode operation of the mass spectrometer. However, as a result, this means the flow 
rate must be regulated by the gas-mixing manifold.
In ion-molecule mode, UHP helium is typically introduced into the gas-mixing 
manifold at 3-5 psi, although this is somewhat arbitrary. The manifold comprises 
1/8 inch stainless steel tubing that is first firmly coiled around a machined copper 
block, the temperature of which is maintained between room temperature and 250° 
C by a cartridge heater, thermocouple and thermostatic fuzzy logic controller. The 
neutral reagent (liquid or gas) is introduced via syringe through a septum fitted to 
a union tee installed within this coiled segment of tubing. The coiled, heated tubing 
is then extended beyond the union tee to assist the mixing of reagent vapour and 
helium gas.
Beyond this mixing region, the neutral reagent-doped helium flow is then divided 
by another union tee. One path connects the manifold to a pressure gauge and a 
Granville-Phillips 203 variable leak valve connected to a portable flow-rate meter. 
This path ultimately vents to atmosphere and is adjusted to optimise the desired 
concentration of the neutral reagent in the ion trap. The second path from this 
union tee connects to the ion trap vacuum chamber after passing through another 
Granville-Phillips 203 leak valve, this leak valve is configured to maintain a stable, 
operational flow of helium buffer gas into the ion trap vacuum chamber.
2.6 Generation of gas-phase nitrogen heterocyclic 
aromatic ions
2.6.1 Electrospray ionisation
All of the gas-phase ions studied during this doctoral work were generated by elec­
trospray ionisation (ESI). 10 p.M solutions of precursor in methanol were loaded 
into a 1 mL glass syringe that was connected to the ESI source (Thermo Scientific 
Ion Max) using 1/16 inch polyether ether ketone (PEEK) tubing. The solutions 
were then infused into the ESI source using the LTQ’s builtin syringe pump config­
ured to maintain a flow rate of 5 ^L min-1 . Methanol is a protic solvent and the 
non-bonding, lone pair electrons of nitrogen make pyridine and its derivatives Lewis 
bases. Thus, protonated species of nitrogen heterocycles are formed readily with 
this method. The N-substituted species were diluted as iodide salts with a fixed, 
positive charge on the quartenary nitrogen atom. Electrospray ionisation parame­
ters found to be provide good starting points for optimising the ion signal of the 
types of compounds studied here are listed in Table 2.1.
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Parameter Value
Sheath gas flow rate (arb) 12
Auxillary gas flow rate (arb) 2
Sweep gas flow rate (arb) 0
Spray voltage (kV) 4
Capillary temperature (°C) 200
Capillary voltage (V) 10
Tube lens voltage (V) 25
Table 2.1: Typical electrospray ionisation parameters used to begin optimising 
the ion signal of a protonated nitrogen heterocycle precursor.
2.6.2 Synthetic chemistry
N -alkylating through an SN2 reaction with an iodide
: N  %  + i—r i-R-N R - V  V  i
Scheme 2.1: General reaction of pyridine with an iodinated organic species.
N-alkylated nitrogen heterocycle salts were prepared by the SN2 reaction with 
the appropriate iodinated compound, shown generally in scheme 2.1. Typically, 200 
mg of the nitrogen heterocycle precursor was added to a reaction vial with several mL 
of acetone. Under magnetic stirring, 5 molar equivalents of the iodinated reactant 
was added. The vial was sealed and the reaction monitored by the formation of 
precipitate or the mass spectral survey of an aliquot of reaction mixture. The 
precipitate was washed using acetone and the excess solvent removed by rotary 
evaporation to achieve a purity suitable for this study. Acetonitrile/diethyl ether was 
found to be a good recrystallisation solvent when further purification was required.
2.6.3 Chemicals
Table 2.2 lists the grade/purity and supplier of the chemicals that were critical to 
the investigations reported in this doctoral thesis. All compounds were used with­
out further purification. 1-(2,4-dinitrophenyl)pyridin-1-ium chloride was prepared 
by David Harman from the reaction of pyridine and 2,4-dinitro-chlorobenzene, the 
purity was confirmed by nuclear magnetic resonance (NMR) spectroscopy.
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Chemical Purity/Grade Supplier
Acetone HPLC grade (min. 99.8%) Thermo Fisher Scientific
Aniline Reagent grade (min 99.5%) Sigma-Aldrich
Ethanol HPLC grade (min. 99.5%) Thermo Fisher Scientific
Iodoethane ReagentPlus (99%) Sigma-Aldrich
Iodomethane ReagentPlus (99%) Sigma-Aldrich
Iodomethane-d3 99.5 atom % D Sigma-Aldrich
Methanol HPLC grade (min. 99.7%) Thermo Fisher Scientific
Methanol-di 99.5 atom % D Cambridge Isotope Laboratories
Pyrazine min. 99% Sigma-Aldrich
Pyridazine 98% Sigma-Aldrich
Pyridine Reagent grade (min. 99%) Thermo Fisher Scientific
Pyridine-d5 99.5 atom % D Cambridge Isotope laboratories
Pyrimidine min. 98% Sigma-Aldrich
Isoquinoline 97% Sigma-Aldrich
Quinoline Reagent grade (98%) Sigma-Aldrich
2-methyl-1,3-dioxolane 98% Alfa Aesar
4-bromoaniline 97% Sigma-Aldrich
4-chloroaniline Analytical standard Fluka
4-iodoaniline 98% Sigma-Aldrich
Table 2.2: Grade/purity and supplier of chemicals key to the studies reported 
herein.
2.7 Conclusion
This chapter has described the coupling of a modified commercial LTQ linear 
quadrupole ion trap mass spectrometer and tunable wavelength laser for studying 
the wavelength-dependent photodissociation and spectroscopy of isolated molecular 
ions. A method for the automated acquisition and analysis of photodissociation 
action spectra has been presented. The performance of this method was evaluated 
by an investigation of the multiple wavelength-dependent photodissociation chan­
nels of the 4-chloroanilinium, 4-bromoanilinium, and 4-iodoanilinium cations. This 
is the first time a timing scheme ensuring only a single, entire laser pulse interacts 
with an ion cloud and the fully-automated acquisition of PD action spectra using 
a commercial mass spectrometer has been reported. The successful development 
of this method has led to seven peer-reviewed PD action spectroscopy papers[32, 
39-44] and several more under preparation.
The following chapters detail investigations of N-heterocycle cations that apply 
the methods described above. These include protonated pyridine, N-substituted 
pyridine derivatives, protonated quinoline and isoquinoline and protonated diazines 
(pyrimidine, pyrazine and pyridazine). These studies combine computational meth­
ods described in each chapter and explore the spectroscopy of these ions as well as 
the photochemistry, identity of the photoproducts, mechanisms of dissociation and
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the processes that follow absorption and precede dissociation.
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Chapter 3 
PyridineH+
The chapter explores the photochemistry and spectroscopy of the N-pyridinium 
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3.1 Abstract
The Si — So electronic transition of the N-pyridinium ion (C5H5NH+) is investi­
gated using ultraviolet photodissociation spectroscopy of the bare ion and also the 
N2-tagged complex. Gas-phase N-pyridinium ions photodissociate by the loss of 
molecular hydrogen (H2) in the photon energy range 37 000 -  45 000 cm-1 with 
structurally-diagnostic ion-molecule reactions identifying the 2-pyridinylium ion as 
the exclusive co-product. The photodissociation action spectra reveal vibronic de­
tails that, with the aid of electronic structure calculations, support the proposal 
that dissociation occurs through an intramolecular rearrangement on the ground 
electronic state following internal conversion. Quantum chemical calculations are 
used to analyse the measured spectra. Most of the vibronic features are attributed 
to progressions of totally-symmetric ring deformation modes and out-of-plane modes 
active in the isomerisation of the planar excited state towards the non-planar excited 
state global minimum.
3.2 Introduction
The N-pyridinium ion (C5H5NH+) is the archetype protonated aromatic nitrogen 
heterocycle. Aromatic nitrogen heterocycles are ubiquitous in nature as the building 
blocks of biomolecules including the nucleobases and certain amino acid residues. 
Because photochemistry underlies the function of many biomolecules and can initiate 
DNA damage and thus cause disease[1, 2], there is significant interest in the ultravio­
let photochemistry of aromatic heterocycles relevant to biology[3-5 ]. It is postulated 
that the deactivation of excited DNA molecules may involve local, ’monomer-like’ 
processes[2] reinforcing the importance of understanding the photochemistry of the 
molecular subunits comprising larger biologically-relevant compounds. As many 
amino acids may become protonated at physiologically-relevant pH, and because 
hydrogen-bonding in the base-pairing process imposes a protonation effect onto 
the nitrogen atom, insight into the photochemistry of protonated nitrogen hete­
rocycles aids in understanding biologically-relevant photochemistry. Several recent 
studies demonstrate that characterising the gas-phase quantum dynamics and pho­
tochemistry of isolated biomolecules provides insight into their condensed phase 
behaviour[2, 5-8 ].
Beyond Earth, protonated aromatic compounds are postulated to carry unas­
signed interstellar absorption bands and it has been suggested that aromatic nitrogen 
heterocycles are present within interstellar media[9, 10]. Pyridine derivatives have 
been detected in meteorites[11, 12] and may exist in extraterrestrial atmospheres[13, 
14]. It is also proposed that nitrogen heterocycles may have been involved in the
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chemical origin of life[10, 15].
Given the importance and relevance of protonated aromatic nitrogen heterocy­
cles, it is perhaps surprising that many of the electronic, spectroscopic and photo­
chemical properties are not fully understood for the simplest molecule in this class, 
the N-pyridinium ion. Neutral (unprotonated) pyridine is planar and well char­
acterised in its ground electronic state[16-19], when excited to its lowest singlet 
n* — n electronic state (S2) the planar geometry is destabilised. Like many other 
small aromatics[20- 22], electronically excited pyridine can access a pathway towards 
a non-planar, prefulvenic valence isomer along a coordinate that ultimately couples 
to the ground electronic state[17, 23-25]. This behaviour is a familiar feature in the 
deactivation of electronically excited aromatics and has been observed experimen­
tally for pyridine[17, 23, 26, 27]. While control over this transformation may have 
promising synthetic applications[28], it presents a significant spectroscopic challenge. 
The rapid and efficient deactivation manifests in fluorescence quenching[8, 29-31], 
short excited state lifetimes and lifetime-broadened absorption profiles[17, 23, 32]. 
Intersystem crossing (ISC) throughout the manifold of singlet and triplet states of 
both n* — n and n* — n character is also rapid in accordance with El-Sayed’s 
rules[17, 30, 33]. Furthermore, additional complications arise due to the overlap 
of the two lowest n* — n states (Si and S3) and the S2 n* — n electronic band, 
congesting the absorption spectra[16, 17, 32].
Protonation of pyridine minimally perturbs the n system while constraining the 
non-bonding nitrogen lone pair electrons to the covalent N-H bond. This removes 
the n* — n states from the electronic manifold. Consequently, the first (and only 
low-lying) electronic transition (S1 — S0 ) of the N-pyridinium ion is analogous to 
the S2 — S 0 t r an s i tion in neutral pyridine and intersystem crossing to T 1 (n* — n) 
is now spin-orbit forbidden. It has been shown that, when compared to the S2 state 
of neutral pyridine, the S1 state of the N-pyridinium ion is subject to the same rapid 
and efficient excited state deactivation along a non-planar coordinate[17] and that 
the absorption spectrum is essentially unshifted[17, 32].
The positive charge afforded by protonation allows the N-pyridinium ion to be 
interrogated using mass spectrometry-based spectroscopy techniques such as pho­
todissociation (PD) action spectroscopy and this is the focus of the current paper. 
A PD action spectrum of the N-pyridinium ion recorded using a Fourier-Transform 
Ion Cyclotron Resonance (FT-ICR) mass spectrometer and a series of diffuse light 
sources was recorded almost four decades ago[32]. This investigation revealed that 
gas-phase N-pyridinium photodissociates through the loss of molecular hydrogen 
(H2) following ultraviolet (UV) excitation. The PD action spectrum obtained for 
this dissociation process exhibited a broad electronic band centred upon the vapour- 
phase S2 band of neutral pyridine. However, this spectrum was recorded with a
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Scheme 3.1: The N-pyridinium ion photodissociates to form the 2-pyridinylium 
ion and molecular hydrogen following ultraviolet excitation in the region 37 000 
-  45 000 cm-1 (270 -  220 nm).
In the present study, the photodissociation and spectroscopy of the N- 
pyridinium ion and its C5H5ND+ (d1) and C5D5NH+ (d5) isotopologues are in­
vestigated across the photon energy range 37 000 -  45 000 cm-1 (270 -  220 nm) 
using two different experimental arrangements. Consistent with previous studies, the 
dominant photoproduct is the loss of molecular hydrogen and the coproduct is in­
vestigated using structurally-diagnostic ion-molecule reaction kinetics and electronic 
structure calculations, revealing the 2-pyridinylium ion as the exclusive coproduct 
(Scheme. 3.1). The spectra recorded in this region reveal a broad electronic band 
exhibiting vibronically resolved structure. An electronic spectrum has also been 
recorded for N-pyridinium ions tagged with N2 molecules that exhibits more cleanly 
resolved vibronic structure. These spectra are analysed with the aid of comprehen­
sive quantum chemical calculations through which it is shown that the excited state 
prefers a buckled, prefulvenic geometry. While totally-symmetric ring-deformation 
modes prevail in the main progression, the spectrum is influenced by this non-planar 
distortion resulting in spectral fine structure, including a prominent low-frequency 
doublet, that is superimposed on the main progressions.
3.3 Experimental methods
The electronic spectroscopy of the N-pyridinium cation was obtained using two dif­
ferent experimental strategies. The first instrument is located at the University of 
Wollongong and utilises a commercial ion trap and a tunable UV laser to acquire 
photodissociation (PD) mass spectra of ambient-temperature ions generated by elec­
trospray ionisation (ESI)[34]. The second instrument, situated at The University 
of Melbourne, comprises a custom tandem mass spectrometer that generates and 
mass selects weakly-bound pyridinium-N2 complex, with N2 serving as an inert tag 
molecule, that are irradiated by a counter propagating tunable UV laser pulse[35]. 
Overviews of both instruments are given here, more detailed descriptions can be 
found in the aforementioned references[34, 35].
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3.3.1 Ion trap photodissociation action spectroscopy
The first instrument is a linear quadrupole ion trap mass spectrometer (Thermo 
Fisher Scientific LTQ) coupled to a tunable optical parametric oscillator (OPO) laser 
system (GWU-Lasertechnik flexiScan) pumped by the third harmonic (355 nm) of 
a 10 Hz, ~5 ns pulsewidth Nd:YAG laser (Spectra-Physics QuantaRay INDI). The 
linewidth of the OPO system is 4-11 cm-1 corresponding to a resolution limit of 
approximately 0.05 nm in the UV range of interest. [M+H]+ or [M+D]+ cations of 
pyridine (C5H5N) and d5-pyridine (C5D5N) were generated by electrospray ionisa­
tion of methanol (CH3OH) or d1-methanol (CH3OD) solutions of the precursor. Ions 
in the quadrupole ion trap (QIT) are expected to be thermalised to near-ambient 
temperature (307 ±  1 K )[36] through collisions with the helium buffer gas (2.5 x 
10-3 Torr). The target ion m /z is then isolated with all other ions ejected. A single 
laser pulse from the tuneable OPO irradiates the trapped ions along the principal 
axis of the ion trap. Ions are then scanned out of the QIT and detected to record 
a photodissociation mass spectrum. A photodissociation yield is calculated as the 
ratio of the photoproduct peak (or peaks) area to the total ion count (TIC). The 
OPO is then stepped to the next wavelength (AA =  0.1 nm) and the process re­
peated. The photoproduct yield is plotted as a function of wavelength to construct 
the photodissociation action spectrum. The PD action spectra reported here are 
the average of three complete spectra using a wavelength step size of 0.1 nm with 
~80 mass spectra (30 seconds of acquisition time) averaged at each wavelength.
Reagent grade pyridine (min. 99%) and HPLC grade methanol (min. 99.7%) 
was purchased from Thermo Fisher Scientific. Methanol-d1 and pyridine-d5 (both 
99.5 atom % D) were purchased from Cambridge Isotope Laboratories (Andover, 
MA).
3.3.2 Resonance-enhanced photodissociation spectroscopy
The second instrument is a custom-built tandem mass spectrometer that couples to 
a tunable OPO laser system (Opotek Vibrant, line-width of ~5 cm-1). Gas-phase 
pyridinium-N2 complexes were prepared by seeding pyridine into a supersonic ex­
pansion of a N2/H 2 gas mixture subjected to electron bombardment. N2 was chosen 
as a tag molecule rather than the more inert argon atom as the pyridinium ion 
(C5H5NH+) is isobaric with Ar+ (m/z =  80). The target ion complex was mass- 
selected by a quadrupole mass filter and deflected by a 90° quadrupole bender into 
an octopole ion guide. Here, the C5H5NH+-N2 ions were irradiated with the counter- 
propagating light pulse from the OPO. When the photon energy was resonant with 
a vibronic transition of the complex, the weak non-covalent pyridinium-N2 bond 
was severed to yield the bare pyridinium ion and the neutral N2 molecule. Fol­
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lowing irradiation, the ions pass through a second quadrupole mass filter tuned to 
pass the bare pyridinium ion (m/z=80) to the ion detector. This measurement is 
repeated at each wavelength. The resulting spectrum reports the photofragment 
signal as a function of wavelength. Because the weak pyridinium-N2 intermolecular 
bond is broken when the complex possesses excess thermal energy, and because the 
interaction between the pyridinium ion and the N2 molecule is relatively weak, the 
spectra acquired using this instrument should approximate the absorption spectrum 
of the cold pyridinium ion, although the bands will be shifted due to the attached 
N2 molecule. It is shown in Section 3.5.2 that the N2 tag has a minor effect on the 
spectrum and photochemistry of the pyridinium ions.
3.4 Computational methods
3.4.1 Franck-Condon analysis using Cartesian coordinates 
and CASSC F electronic-structures
Complete-active-space self-consistent-field (CASSCF)[37-42] electronic-structure 
calculations were performed using the Gaussian 09[43] suite. In each case, a 
Dunning-type[44] augmented[45, 46] correlation-consistent polarised valence double- 
(  (aug-cc-pVDZ) basis set was used with an active space comprising the six valence 
k orbitals (3 occupied, 3 unoccupied) and 6 active electrons. PGOPHER[47] 7.1 
was used to simulate vibronic Franck-Condon (FC) absorption spectra from the 
CASSCF geometries and normal modes. The Wilson numbering convention for the 
normal modes of benzene is used to describe the in-plane skeletal ring deformation 
modes of the N-pyridinium ion.
3.4.2 Franck-Condon analysis using internal coordinates 
and T D -D F T  electronic-structures
Gaussian 09(c01)[48] was used to perform time-dependent density functional the­
ory (TD-DFT)[49-55] electronic structure calculations using the aug-cc-pVDZ basis 
set[44-46] and the CAM-B3LYP[56] functional: a long range-corrected version of 
the B3LYP hybrid functional. Because the nuclear displacements between electronic 
states were large, the normal mode analysis was conducted in redundant internal 
coordinates employing a procedure described elsewhere[57]. Briefly, the force con­
stant (Hessian) matrix was read in from the Gaussian 09 log file using a custom 
FORTRAN program. The normal modes were transformed to orthonormal internal 
coordinates and the Duschinsky rotation matrices were calculated using the formal­
ism of Reimers[57]. The structures of a symmetry-enforced, planar excited state and
Chapter 3. PyridineH+ 87
the ring-buckled global minimum were projected onto the b1 normal modes of the 
former. A potential energy surface was then constructed by the curvilinear interpo­
lation between the two structures. The eigenvectors were calculated using harmonic 
normal mode analysis with a perturbation theory anharmonicity correction and 
the effective harmonic frequency of the ground electronic state was determined by 
calculating the Duschinsky matrix (in rectilinear coordinates) between the planar 
excited state and ground state and multiplying it by the bi displacement vector. 
As the displacements had been transformed into a normal mode basis, they were 
used to directly calculate vibrational overlap integrals and Franck-Condon factors 
from which transition electric dipole moments were calculated and the spectrum 
simulated.
3.4.3 Energy Calculations
The energy scheme of the ground state dissociation process was generated using 
zero point energy (ZPE)-corrected energies computed using the CBS-QB3 Complete 
Basis Set (CBS) method[58-65] within the Gaussian 09 software[43].
3.5 Results and Discussion
3.5.1 Photodissociation mass spectrometry and action 
spectroscopy (Wollongong experiment)
The PD action spectrum of the pyridinium cation (C5H5NH+) was constructed 
from PD mass spectra acquired across the photon energy range 37 000 -  45 000 
cm-1 (270 -  220 nm). To assist with spectral assignments, equivalent PD action 
spectra were also acquired for the C5H5ND+ (d1) and C5D5NH+ (d5) isotopologues. 
Representative PD mass spectra, acquired using a photon energy of A =  250 nm, 
are presented in Fig. 3.1.
The dominant photodissociation pathway is the even-electron loss of molecu­
lar hydrogen as either H2, HD or D2 according to the deuteration of the precursor 
cation. As reported by Freiser and Beauchamp[32], unlabelled pyridinium (m/z =  
80) photodissociates by H2 loss to form a photoproduct ion at m /z =  78 (Fig. 3.1a). 
In this study, the m /z =  78 photoproduct ion population was identified as exclu­
sively the 2-pyridinylium isomer by structurally-diagnostic ion/molecule reaction 
kinetics (described in Section 3.8.3). Singly deuterated pyridinium (m/z =  81) 
loses both HD and H2 to yield photoproduct ions at m /z =  78 and 79 (in a 1:8 
ratio) following ultraviolet excitation (Fig. 3.1b) whereas d5 pyridinium (m/z =  
85) loses HD and D2 to yield m /z =  82 and 81 photoproduct ions in a 2:3 ratio
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Figure 3.1: Photodissociation mass spectra (A = 250 nm) of the three N- 
pyridinium isotopologues: a) C5H5NH+, b) C5H5ND+ and c) C5D5NH+. The 
black diamonds indicate ions resulting from the addition of water (18 Da) to the 
photoproducts.
(Fig. 3.1c). The distribution of photoproduct isotopologues in Fig. 3.1 is likely to 
be affected by intramolecular hydrogen/deuterium (H/D) scrambling following ex­
citation and preceding photodissociation. H/D scrambling is a familiar feature of 
aromatic photoactivation, often occurring on a microsecond timescale[66, 67]. Peaks 
corresponding to the addition of background water occur 18 Da higher in mass than 
the dominant photoproduct and are labelled with black diamonds. These water 
addition signals scale linearly with the photoproduct signals and the action spectra 
reported herein include these peaks in the calculation of PD yields. There is also 
evidence for a minor photodissociation channel consistent with the loss of HCN (27 
Da); the magnified peak corresponding to these ions at m /z =  53, 54 and 58 in 
Fig. 3.1a, Fig. 3.1b and Fig. 3.1c respectively. This minor peak was not included in 
the calculation of PD yields for construction of PD action spectra.
Photodissociation action spectra acquired across the photon energy range 37 000 
-  45 000 cm- 1 (270 -  220 nm) are presented for the pyridinium d0 and di isotopo­
logues in Fig. 3.2a and Fig. 3.2b respectively. The spectra exhibit minor intensity 
differences but are generally similar. Both spectra contain a single, vibronically- 
structured electronic band spanning the experimental photon energy range. These 
bands have an onset at around 37 500 cm- 1 and exhibit a sharp feature, labelled 
A, at 38 530 cm- 1 for N-pyridinium-d0 and 38 560 cm- 1 for the d1 isotopologue.
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F ig u r e  3 .2 : Photodissociation action spectra of the a) C5H5NH+ and b) 
C5H5ND+ N-pyridinium isotopologues. The normalised yields of the photoprod­
ucts in Fig. 3.1 are plotted as a function of photon energy and vibrational pro­
gressions in the 1B2 1 A1 b and are labelled. The insets show magnified portions
of the spectrum around the first four unique spectral features.
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This feature is the first member of a doublet with the second member (labelled B) 
occurring at A +  90 cm-1 . The other intense feature is labelled C and occurs at A +  
260 cm-1 . There is also a pronounced low-energy shoulder at A - 100 cm-1 , labelled 
D. This set of four features is repeated 515 cm-1 higher in energy. It is known from 
a previous study of the N-methylpyridinium ion[67] and from simulations presented 
later that this ~500 cm-1 spacing corresponds to one quantum of the u6 (Wilson 
notation) ring-deformation mode. These eight features (two sets of four peaks) are 
repeated at least four times at +965 cm-1 intervals and this is rationalised as a pro­
gression of the u1 ring-breathing mode with at least 5 sequential quanta resolved. 
No significant anharmonicity is measured at four quanta of excitation (the spacing 
between consecutive u1 excitations is included in Section 3.8.1).
The d5 spectrum is included in Section 3.8.2 and also reveals a single electronic 
band, although noticeably redshifted and more congested. Most of the spectral fea­
tures present in the d0 and d1 spectra persist, but are suppressed, particularly at 
the lower energy part of the spectrum. The assignments for the d5 spectrum are less 
certain than for the d0 and d1 spectra. The d5 PD action spectrum also exhibits 
a progression built upon the u1 mode, however, the frequency is reduced to about 
930 cm-1 . The 90 cm-1 doublet (A) is clearly resolved for the first five nu1 bands, 
however, the nu1 +  1u6 bands are poorly resolved. The doublet feature is resolved 
for the 1^1 +  1u6 band and is indicated with a black triangle in Fig. 3.12. The 
decreased wavenumber of the progression-building mode is consistent with its as­
signment as u1 -  deuterating the ring increases the reduced mass of the deformation. 
The photodissociation process is discussed in more detail in Section 3.5.4.
To ensure that the observed widths of the spectral features were not limited by 
the OPO linewidth (4 -  11 cm-1), a portion of the spectrum (39 000 -  39 800 cm-1) 
was recorded using a dye laser with a linewidth of ~0.05 cm-1 (ca. 100x narrower). 
Details of the laser system and the measured spectra are included in Section 3.8.4. 
Spectra acquired using the OPO and the dye laser are almost identical with regard 
to peak positions, intensities and bandwidths. Thus, the recorded spectrum reflects 
the properties of the trapped pyridinium ions and is not influenced by the linewidth 
of the photon source.
The PD action spectra in Fig. 3.2 are surprisingly detailed and the energy dif­
ferences between many of the spectral features, e.g. B-A and A-D, are likely too low 
(< 100 cm-1) to be attributed to harmonic normal mode frequencies. To assist with 
the interpretation, complementary spectra were acquired using resonance-enhanced 
photodissociation spectroscopy of N2 tagged pyridinium ions.
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Figure 3.3: a) Electronic spectrum of the N2-tagged N-pyridinium weakly- 
bound complex obtained by monitoring the yield of the bare ion following ultra­
violet irradiation. The experimental spectrum is compared to a stick spectrum 
based on CASSCF(6,6)/aug-cc-pVDZ calculations and Franck-Condon simula­
tions. b) Photodissociation action spectrum of the N2-tagged N-pyridinium com­
plex monitoring the -[N2+H2] channel.
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3.5.2 Resonance-enhanced photodissociation of 
pyridinium-N2 ions (Melbourne experiment)
Fig. 3.3a presents the resonance-enhanced photodissociation spectrum for the N2- 
tagged d0 pyridinium ion across the photon energy range 37 000 -  45 000 cm- 1 
(270 -  220 nm), the comparison to a simulated stick spectrum and assignments 
will be discussed later. When compared to the spectrum in Fig. 3.2a, all of the 
previously identified features occur at almost the same photon energies. Importantly, 
this verifies that the closely-spaced features in the tagged case are unlikely to be 
due to intermolecular modes. The N2-tagged resonance-enhanced photodissociation 
spectrum is generally less congested and the onset is sharper than for the untagged 
species (Fig. 3.2a). Irradiation of the N2-tagged species also results in -[N2+H 2] 
photoproducts, and the PD action spectrum for this channel is shown in Fig. 3.3b. 
The details in this spectrum line up with the features in Fig. 3.3a but the intensity 
profile is closer to that of the untagged molecule in Fig. 3.2a. The photodissociation 
yield (i.e. loss of H2 or [N2+H 2]) increases with photon energy for both the tagged 
and untagged species. The suppression of the doublet in the spectrum of the tagged 
complexes (Fig. 3.3) compared to the spectrum of untagged complexes (Fig. 3.2) 
is particularly notable. The presence of the neutral N2 tag may subtly affect the 
Huang-Rhys factors (and thus the transition line strengths) of the states in the 
bending potential. It is expected that the neutral tag will have a minor effect on 
the band spacings and intensities but may lead to a uniform shift of the spectral 
features. The first intense feature (A00 in Fig. 3.3) occurs at 38 532 cm- 1 in the 
spectra of the N2-tagged complex and at 38 536 cm- 1 in the spectra of the untagged 
ions (Fig. 3.2). This difference is less than the photon energy increment in this 
region (~15 cm- 1) and, within these experimental limitations, tagging a pyridinium 
ion with N2 does not result in a significant bandshift.
3.5.3 Spectrum analysis
Two different approaches were used to simulate the vibronic absorption spectrum 
of the N-pyridinium ion and assign the main features. Both approaches are sum­
marised briefly here and in detail in the following subsections. The first was a 
conventional normal-mode analysis in Cartesian coordinates at planar geometries 
using the results of CASSCF electronic-structure calculations employing an active 
space comprising the six valence n orbitals (three occupied, three unoccupied). The 
second method for simulating the vibronic spectrum utilised TD-DFT electronic 
structures and a detailed normal-mode analysis in curvilinear coordinates and at 
non-planar geometries.
The PD action spectrum of the N2-tagged N-pyridinium cation was presumed
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Figure 3.4: Schematic representation of the totally-symmetric (ai) u1 and 
modes (Wilson notation) of the N-pyridinium ion showing only the heavy 
nuclei (C and N). The arrows indicate the direction, but not the magnitude, of 
displacement.
to correspond to the vibronic absorption spectrum. This is likely to be the case 
because loss of the weakly-bound tag N2 molecule should occur following either 
internal conversion from the S1 state or fluorescence into ground state vibrational 
levels lying above the dissociation threshold. As is apparent from the spectra shown 
in Figs. 3.2 and 3.3(b), the intensities of the lower transitions are suppressed when 
PD spectra are recorded by monitoring channels involving loss of H2.
Franck-Condon analysis using Cartesian coordinates and C A SSC F 
electronic-structures
The electronic transition under consideration is of w* — w character and is known, 
in the condensed phase, to populate the 11B2 (C2v) state[16], which derives from 
the 11B2u state in benzene. This band is a commonly observed feature in aro­
matic spectroscopy and appears at around 260 nm for most six-membered aromat- 
ics[68] and azabenzenes[19], including neutral and protonated pyridine[17, 32] and 
N-methylpyridinium[67]. Due to the w* — w nature of the transition, and because 
all of the ion’s valence electrons are constrained to covalent bonds, an active space 
made up of the six valence w orbitals (three occupied, three unoccupied) was cho­
sen for the CASSCF calculations. In a recent study[67], similar calculations on the 
N-methylpyridinium ion reproduced the main vibronic features present in the ex­
perimental PD action spectrum. The CASSCF(6,6)/aug-cc-pVDZ method predicts 
a stable planar S1 excited state with an adiabatic excitation energy of 40 500 cm-1 , 
which is 2000 cm-1 above the first intense feature in the experimental spectrum. 
CASSCF energies are often higher than experiment and this is commonly adjusted 
by the inclusion of electron correlation through a perturbation theory correction to 
the MCSCF energy (e.g., CASPT2).
The room-temperature Franck-Condon absorption spectrum was simulated us­
ing the PGOPHER program.[47] Vibrational modes were successively included in 
the simulation in order of decreasing calculated FC activity, until the simulated 
spectrum was no longer significantly affected. Normal modes were restricted to 5
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Figure 3.5: Schematic representation of the N-pyridinium excited electronic
state minimum structure as predicted by the CAM-B3LYP/aug-cc-pVDZ method.
The annotated distances are the length of the vectors normal to the ring plane.
quanta of excitation in each electronic state. A total of four modes, all in-plane and 
totally-symmetric (ai) were included although the simulated spectrum is ultimately 
dominated by the two modes (u1 and ) represented in Fig. 3.4. The simulated 
stick spectrum (based on the assigned ’A ’ origin) is compared to the experimental 
resonance-enhanced photodissociation spectrum in Fig. 3.3a; the calculated transi­
tions are labelled above the profile of the experimental spectrum. This simulation 
supports the assignment of u1 as the progression building mode and as responsible 
for the second set of four peaks. These two modes account for most of the intense 
vibronic structure, however, the doublet feature (’B’ in Fig. 3.2), the low-energy 
shoulder ( ’D ’ in Fig. 3.2) and the additional feature at AO0 +  260 cm- 1 (’C ’ in 
Fig. 3.2) are not predicted by this simulation.
It will be shown in the following section that the electronic excited-state min­
imum has a non-planar geometry, contrary to these CASSCF predictions. Never­
theless, they serve as a valuable starting point as they provide a bound excited 
state geometry that approximates the initially-prepared Franck-Condon state. To 
understand the finer features of the spectrum, further analysis is needed.
Franck-Condon analysis using internal coordinates and T D -D F T  
electronic-structures
TD-DFT calculations employing the CAM-B3LYP functional and the aug-cc-pVDZ 
basis set predict a planar ground electronic state but a significantly non-planar S1 
excited state minimum. The buckled geometry of this optimised excited electronic 
state is included in Section 3.8.6 described in terms of Cartesian coordinates and 
is represented schematically in Fig. 3.5. This geometry involves significant pyra- 
midalisation of the nitrogen atom to a distance 0.64 A out of the ring plane and 
a puckering of the ring such that the para-carbon is raised 0.13 A above the ring 
plane. This valence isomer is reminiscent of prefulvenic isomers formed in the deac­
tivation of other aromatics including benzene[21] and neutral pyridine[17] and it will 
be shown that this displacement, and the corresponding electronic potential energy 
landscape, may be responsible for the unassigned fine structure in the experimental 
PD action spectra.
To approximate the ‘vertical’ Franck-Condon excited state geometry, the min-
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Figure 3.6: Interpolated reaction coordinate for the isomerisation of the elec­
tronically excited (Si) N-pyridinium ion. The markers indicate single point en­
ergies calculated along the coordinate.
imum energy C2v structure was calculated by optimising the geometry of a C2v 
symmetry-constrained excited state, leading to a second-order saddle point (Carte­
sian coordinates and normal modes included in Section 3.8.6) and a barrier to pla­
narity of almost 2000 cm-1 . The potential energy curve for this isomerisation, shown 
in Fig. 3.6, was constructed by interpolating between the optimised C2v geometry 
and the non-planar, prefulvenic excited state minimum in modified curvilinear co­
ordinates (described in Section 3.8.7). The reaction coordinate represents the mini­
mum energy C2v structure at 0% and the non-planar global minimum at 100%.
To construct an adiabatic potential energy surface that can be used to simulate 
the electronic spectrum, the reaction coordinate in Fig. 3.6 was first projected be­
yond the global minimum structure to Q =  QC2v +  1-5(QCs — Qc2v). Where Q is 
a set of normal coordinates and QC2v and QCs are the normal coordinates of the 
C2v and global excited state minima respectively. Because the potential curve is 
symmetric (a projection of —Q yields a pseudorotation of Q), the potential energy 
surface was reflected about the origin to construct the remaining half. The next 
step was to convert the length coordinate to a useful scale. As previously described 
in Section 3.4.2, the curvilinear displacement of the excited state from the C2v mini­
mum to the global minimum was projected onto the b1 normal modes of the excited 
state C2v minimum. The normal mode corresponding to nitrogen pyramidalisation
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Q
Figure 3.7: Dimensionless, normal-mode projected, double-well potential en­
ergy surface of the first N-pyridinium excited electronic state.
comprised 91% of the displacement and the ring-puckering mode made up 8%. The 
displacement vectors and contribution of each b1 normal mode is included in Sec­
tion 3.8.8. Within this framework, the interpolated coordinate was rescaled to give 
the dimensionless normal-mode projection shown in Fig. 3.7.
To calculate the energy levels for the potential in Fig. 3.7, a single-exponential 
function was fitted to the data points where |Q| > 5, i.e. to the wall of the well. 
The potential energy surface was then extrapolated to a wall-height of 105 cm-1 and 
the entire potential was fitted by a 16th order polynomial. The vibrational wave- 
functions were then expressed as a linear combination of 100 Hermite polynomial 
basis functions; the eigenvectors were found to be unchanged when 60 functions were 
used, thus confirming that the calculation had converged. The predicted pattern of 
energy levels is typical of a symmetric double-well potential energy curve; the energy 
levels occur in pairs -  symmetric (red) and antisymmetric (blue) with respect to the 
coordinate Q -  with the spacing between the levels of the pair increasing as the top 
of the barrier is approached[69]. In this case, the first three pairs of energy levels 
are essentially degenerate and the splitting only becomes discernible near the top of 
the well.
In order to simulate the absorption spectrum, the Duschinsky rotation matrix 
between the planar (C2v) excited state and ground state minimum (included in 
Section 3.8.9) was calculated, in rectilinear coordinates, and used to rotate the b1















Figure 3.8: Excited electronic state (Si) dimensionless b1 normal-mode pro­
jected displacement and (So) harmonic ground electronic state displacement 
(lines) overlaid with the CAM-B3LYP/aug-cc-pVDZ transition electric dipole mo­
ments (diamonds).
displacement vector into the ground electronic state normal modes, from which the 
effective harmonic frequency of the ground state was calculated to be 627 cm-1 . 
Fig. 3.8 shows the adiabatic excited state surface and harmonic ground state over­
laid with the TD-DFT transition electric dipole moments at each single point along 
the interpolation. It is apparent that the predicted transition probability is high 
about the top of the planarity barrier and that the states below the barrier are 
much less active in the absorption spectrum. This is perhaps unsurprising given 
the large geometry change but indicates significant breakdown of the Condon ap­
proximation [the transition moment can be considered the product of an electronic 
transition moment (^) that is independent of nuclear coordinates and the square 
of a vibrational overlap integral (Franck-Condon factor)]. In this scenario, the true 
origin (0°) transition is expected to be weak. As the displacements are defined in 
terms of normal modes they can be used directly to evaluate vibrational overlap inte­
grals and determine Huang-Rhys factors. Table 3.1 reports the predicted transition 
electric dipole moments and symmetries for transitions into each energy level of the 
double-well potential from the harmonic ground state. Note that all allowed tran­
sitions involve even quanta changes (in this case, they are transitions to symmetric 
levels).
The single-mode, adiabatic simulation predicts that transitions to the lowest 
six vibrational levels will have negligible intensity. The transition probability in-
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Table 3.1: Predicted energy levels of the bi normal-mode projected excited 
state displacement and the simulated transition electric dipole moments from 
a harmonic ground state. In bold are the transitions responsible for the four 
dominant predicted spectral features.







-122 a i 0.0348
-119 b1 0.0000
+ 5 3 a 1 0.6097
+  144 b1 0.0000
+ 257 a 1 0.2280
+404 b1 0.0000
+ 566 a 1 0.0741
+741 b1 0.0000
+931 a1 0.0212
+  1132 b1 0.0000
+  1345 a1 0.0053






aRelative to the S1 C2v minimum.
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creases sharply about the barrier to planarity (0 cm-1) before decreasing again and 
levels more than 1000 cm-1 higher in energy than the barrier of the double-well 
potential curve are essentially optically inactive. The most intense spectral feature 
predicted by this simulation is a Az> =  ~200 cm-1 doublet at +53 and +257 cm-1 . 
This is significant as it presents a rationale for closely-spaced low-frequency dou­
blet. Additional minor features are predicted 277 cm-1 lower in energy and 411 
cm-1 higher in energy from the centre of the doublet. Fig. 3.9 compares the first 
set of four features from the (a) experimental N2-tagged PD action spectrum, (b) 
the results of this single-mode simulation convoluted with 40 cm-1 full-width half­
maximum (FWHM) Gaussian functions and (c, d) equivalent simulations performed 
on mixed quartic/quadratic potential energy functions optimised to reproduce the 
experimental energy levels, discussed later. The intensity profile is similar for the 
first four features in the experimental spectrum and the first four significant features 
in the simulation, however, the absolute energies differ consistently by a factor of 
two. This double-minimum model provides a rationalisation of the low frequency 
spectral features that are not readily accommodated using vibronic-coupling sce­
narios that are typically descriptive of aromatic molecular spectroscopy. However, 
the twofold factor in the energy spacings needs to be addressed. As a check of the 
calculation, the predicted spacing between the first two a1 energy levels of the inter­
polated potential (521 cm-1) should be close to the value of the harmonic TD-DFT 
frequency of the b1 nitrogen pyramidalisation mode for the non-planar S1 minimum 
(530 cm-1). As these two values are similar, 521 cm-1 and 530 cm-1 , it indicates 
the two potentials are in close agreement around the non-planar minimum. The 
nitrogen pyramidalisation normal mode for the non-planar S1 minimum is included 
in Section 3.8.6.
The specification of the interpolated coordinate upon which the single point 
energies in Fig. 3.6 are calculated is a rudimentary calculation, corresponding to an 
adiabatic scenario with no simple parameters that can be fitted to the experimen­
tal data. Other vibronic coupling and anharmonic interactions not considered here 
could account for these discrepancies, and would need to be included in a compre­
hensive simulation. Therefore, it is possible that the method employed above could 
overestimate the vibrational frequencies by a factor of two. Variations between the 
interpolated potential energy coordinate in Fig. 3.7a and the actual potential en­
ergy curve may also explain the difference between the experimental data and the 
simulation in Fig. 3.9b.
To explore whether the observed spectra features can be explained quantita­
tively by transitions to vibrational levels supported by a double well potential energy 
curve, we modelled the potential as a mixed quartic/quadratic function of the form 
V =  A(Q4 +  B Q 2) that was optimised to reproduce the experimental eigenvalues
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in the Franck-Condon active region about the top of the barrier[69-71]. This was 
performed in two ways. In the first case (Case 1), the barrier height from the inter­
polated coordinate was fixed and the equilibrium geometry (i.e. the equilibrium Q 
value) was unconstrained. The resulting function V =  0.3(Q4 — 160.3Q2), plotted in 
Section 3.8.10, exhibits minima at Q =  ±8.95 implying either a difference in the mass 
of the coordinate or a minimum structure that is further displaced from a planar 
geometry. This quartic potential was used to simulate a Franck-Condon absorption 
spectrum according to the same formalism used previously. The major features pre­
dicted by this model (shown in Fig. 3.9c for the 00 and 60 bands) compare well to 
the observed spectral features. In a second case (Case 2), the equilibrium Q value 
was fixed at Q =  5.2 (from the interpolated coordinate in Fig. 3.6) and the barrier 
height optimised, yielding the function V =  0.4(Q4 — 54.08Q2) (Section 3.8.10) with 
a lowered barrier height of 292 cm- 1. The dominant spectral features simulated 
using this quartic potential are also compared to the experiment in Fig. 3.9d. Both 
cases satisfactorily reproduce the experimental spectral features of the PD spectrum 
in Fig. 3.9a. The first four features of the bare ion PD action spectrum compare 
well to those of the N2-tagged species. The assignments presented in Fig. 3.9 are 
tabulated with their peak positions in Section 3.8.11.
It is obvious from Fig. 3.9 that a mixed quartic/quadratic potential energy 
function can be used to satisfactorily simulate the main features present in the 
experimental spectrum and, within this model, the hitherto unassigned features 
in the N-pyridinium electronic spectra can be attributed to the activity of out- 
of-plane b0 modes (particularly nitrogen pyramidalisation) that are active in the 
isomerisation from a planar excited state structure to a prefulvenic one. A more 
detailed calculation should include additional vibronic coupling interactions and 
diabatic electronic states (forgoing the interpolated coordinate).
3.5.4 Energy Scheme for Dissociation
It has been known for more than three decades that the gas-phase N -pyridinium 
ion photodissociates through the loss of molecular hydrogen following ultraviolet 
irradiation[32]. However, the only other electronic spectrum of which the authors 
are aware was recorded at low resolution and exhibited no resolved vibronic struc- 
ture[32]. The spectra reported here exhibit vibronic detail and reflect the bound 
nature of the excited state. This suggests that the dissociation process may occur 
on the ground electronic state surface following internal conversion (IC). The spec­
tra where the N-pyridinium ion is photodissociated (Fig. 3.3b & Fig. 3.2) have a 
more gradual onset than when the ion remains intact (Fig. 3.3a). This suggests that 
the photodissociation yield increases with photon energy. This can be attributed
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Figure 3.9: Comparison between a) the experimental N2-tagged PD action 
spectrum in the vicinity of the electronic origin, b) the absorption simulation using 
the CAM-B3LYP/aug-cc-pVDZ interpolated coordinate and c, d) the absorption 
simulations using the fitted quadratic potential energy surfaces and associated 
electronic transition dipole moments. The simulated peaks are the convolution of 
the predicted transitions with 30 cm-1 FWHM Gaussians.
















Figure 3.10: CBS-QB3 potential energy scheme for the ground-state photodis­
sociation of the N-pyridinium ion. The photon energy range spanned by the PD 
action spectra is labelled on the vertical axis. The energies of the N-H homolysis 
and heterolysis photoproduct channels are also shown.
to either an increase in the IC rate or dissociation of more highly energised ground 
state ions outcompeting collisional cooling (2.5 x 10-3 Torr Helium !  ~  6 x 104 
collisions-s-1). As discussed in Section 3.5.1, in comparison to the d0 and di spec­
tra, the spectral features in the d5 spectrum are suppressed at low photon energies. 
Deuteration is known to greatly decrease the rate of radiationless transitions[72] 
and it has been shown that skeletal bending and stretching vibrations are impor­
tant participants in the internal conversion of aromatic nitrogen heterocycles[73]. 
This observation may be consistent with an IC-mediated process. It is thus reason­
able to propose that photodissociation occurs on the vibrationally-activated ground 
electronic state surface following internal conversion.
Benzene is another aromatic compound that can photodissociate in the ultravi­
olet through the loss of H2 and this is proposed to occur by a 1,2-hydrogen migration 
followed by a 1,1-H2 elimination[74]. N-pyridinium is isoelectronic to benzene and 
an equivalent ground state intramolecular rearrangement was explored for the N - 
pyridinium ion using the CBS-QB3 method. The potential energy diagram for the 
process is shown in Fig. 3.10.
The CBS-QB3 method predicts that the initial 1,2-hydrogen migration from 
the N-pyridinium ion occurs through a forward barrier of 72 kcal mol-1 to form a 
structural isomer 60 kcal mol-1 higher in energy that is stablised with respect to
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the reverse reaction by 12 kcal mol-1 . The H2 dissociation energy is predicted to be 
28 kcal mol-1 higher in energy than this intermediate and 88 kcal mol-1 from the 
global minimum. No barrier was located for this final photodissociation process. As 
mentioned above, the 2-pyridinylium isomer is confirmed to be the exclusive photo­
product channel by structurally-diagnostic ion/molecule reaction kinetics (refer to 
Section 3.8.3). Production of the unobserved N-H homolysis product is predicted 
to lie 121 kcal mol-1 above the global minimum. The heterolysis/neutralisation 
product, also not observed, is predicted to require 221 kcal mol-1 for formation, 92 
kcal mol-1 above the upper limit of the experimental photon energy range (106 -  
129 kcal mol-1 ). The potential energy diagram calculated within the same scheme 
for the d5 ion is included in Section 3.8.12, and predicts a HD dissociation energy 
of 90 kcal mol-1 .
3.6 Conclusion
Photodissociation action spectroscopy in the region 37 000 -  45 000 cm-1 (270 -  
220 nm) was used to characterise the electronic spectrum of the N-pyridinium ion. 
Experiments were performed on both ambient-temperature bare ions and cooler 
N2-tagged ions using two different instrumental arrangements. It was found that, 
following ultraviolet irradiation, N-pyridinium photodissociates through the loss of 
molecular hydrogen, H2, to form exclusively the 2-pyridinylium ion, a result con­
firmed by structurally-diagnostic ion/molecule reaction kinetics. This dissociation 
is rationalised as proceeding on the ground state electronic surface following in­
ternal conversion. The first vibronically resolved, gas-phase electronic spectra are 
reported for the N-pyridinium ion and its C5H5ND+ and C5D5NH+ isotopologues. 
It was found that the ground electronic state is planar while the excited state adopts 
a significantly ring-buckled geometry. The vibronic detail in the electronic spectra 
is attributed to even quanta transitions of out-of-plane b1 normal modes that are 
active in this deformation and add to progressions in two totally-symmetric ring- 
deformation modes that are built off a weak origin arising from the non-planar 
minimum and consequent breakdown of the Condon approximation.
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3.8 Supporting Information
3.8.1 Si progression in v\
Figure 3.11: Spacing between consecutive Si v1 excitations. There is no sig­
nificant anharmonicity within four quanta of excitation, the fifth data point is 
difficult to determine from the spectrum and is not included in the fit.
3.8.2 PD Action Spectrum of N-pyridinium-d5
W a ve nu m b e r /  cm -1
Figure 3.12: Photodissociation Action Spectrum of C5D5NH+
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3.8.3 Structurally-diagnostic ion-molecule reaction kinetics
Background
Following ultraviolet irradiation, the N-pyridinium ion (C5H5NH+) photodissoci- 
ates through the loss of molecular hydrogen to form a product ion consistent with 
a pyridinylium isomer (m/z=78 Da). However, the photodissociation mass spectra 
contain no structural information and a supplementary technique is necessary to 
confirm the identity of the photoproduct as either a specific isomer or a mixture 
of isobaric isomers. This structural elucidation was afforded by measuring the re­
action kinetics of a structurally-diagnostic ion-molecule reaction. It is known that 
all pyridinylium isomers react with 2-methyl-1,3-dioxolane but only 2-pyridinylium 
yields a transacetylation product ion of m /z=122 Da,a see Fig. 3.13. Thus, the evo­
lution of this product ion mass is diagnostic for the presence of the 2-pyridinylium 
ion. As explained elsewhere,b because the concentration of 2-methyl-1,3-dioxolane 
and water are constant, and in excess, pseudo-first-order reaction rates are observed 
and the logarithm of the precursor ion signal plotted against time should yield a 
straight line. Any deviation from this behaviour suggests a mixed isobaric ion pop­
ulation.







O^O+V - / O^OHV - / 6 °m/z 87 m/z 89 m/z 122
O^O+ O^OHv u
m/z 87 m/z 89
O^O+ O^OH
m/z 87 m/z 89
Figure 3.13: Products arising from the reaction of 2-methyl-1,3-dioxolane with 
isomers of the pyridinylium cation. (a) shows the 2-pyridinylium structurally- 
diagnostic transacetylation product with m/z 122.
M ethod
The method was identical to that used in a previous study of the N- 
methylpyridinium cation.2 The helium buffer gas was seeded with a steady concen­
tration of neutral 2-methyl-1,3-dioxolane at 363 K before entering the QIT chamber.
aJ. Mass Spectrom. 2008, 43, 1636-1640 
bJ. Phys. Chem. A 2013, 117, 10839-10846
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The target precursor ions were isolated in the ion trap and irradiated with a sin­
gle 3 mJ pulse from a fixed-frequency (A =  266 nm) Nd:YAG laser (Continuum, 
Minilite II). However, rather than scanning out the QIT, the photoproduct ions 
were then reisolated in a tandem MS experiment and allowed to react with the 
neutral 2-methyl-1,3-dioxolane. This results in a mass spectrum containing the rel­
ative abundances of the charged ion-molecule reaction products and the unreacted 
photoproduct. By varying the duration that the photoproduct ions are stored in 
the ion trap, the kinetics of these ion-molecule reactions were recorded as relative 
abundances against reaction time.
Results
Fig. 3.14 shows the mass spectrum recorded after isolating the m /z=78 Da photo­
product ion for 2000 ms with 2-methyl-1,3-dioxolane seeded into the helium buffer 
gas. Several reaction product ions are visible. The non-diagnostic reaction prod­
uct m /z=89 Da appears in high abundance whereas m /z 87 is a minor reaction 
product. The peak at m /z=96 Da is the product of a competing water addition 
reaction. Most importantly, the peak at m /z=122 Da is the structurally-diagnostic 
ion-molecule reaction product. After 2000 ms, the m /z=78 Da precursor is almost 
fully reacted and only a small peak is visible at m /z=78 Da.
Figure 3.14: Mass spectrum recorded after irradiating (A = 250 nm) an ion 
population of N-pyridinium cations (m/z=80 Da) and isolating the m/z=78 Da 
photoproduct ions for 2000 ms with 2-methyl-1,3-dioxolane seeded in the He buffer 
gas.
Fig. 3.15 graphs the m /z=78, 89, 96 and 122 Da ion signals as they vary with 
time. Minor products, such as the m /z=87 Da reaction product, were not included 
in the kinetic analysis. The m /z=78 Da precursor undergoes an exponential decay 
with a half life of approximately 44 ms as the reaction products grow in.
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a (d + 0 + v)
Figure 3.15: Kinetic plot of the ion signal of the 2-pyridinylium ion (m/z=78 
Da) and the reaction product ions it forms with 2-methyl-1,3-dioxolane (m/z=89 
and 122 Da) and water (m/z=96 Da) over time.
Fig. 3.16 presents the natural logarithm of the m/z=78 Da ion count. These 
data are fit well by a linear function, confirming that the decay kinetics follow a 
pseudo-first order rate law supporting the identity of the m /z=78 Da ion population 
as exclusively the 2-pyridinylium cation.
Figure 3.16: Pseudo-first-order fit to the decay of the 2-pyridinylium ion 
(m/z=78 Da) isolated in the presence of 2-methyl-1,3-dioxolane.
3.8.4 Comparison with a narrow-linewidth photon source
A photodissociation action spectrum spanning the photon energy range 39 370 -  
39 780 cm-1 (254.0000 -  251.3875 nm) was recorded at 0.0125 nm increments for 
the H2 loss channel of the N-pyridinium ion using the setup described in the main 
text with an alternate dye laser photon source. The laser was a Sirah Lasertechnik 
Cobra-Stretch with dual 2400 line gratings pumped by the third harmonic (355 nm)
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of a 10 Hz, 6-9 ns Nd:YAG laser (Spectra-Physics QuantaRay Pro-230). The laser 
dye was coumarin 153 (coumarin 540A) and the linewidth of the laser system was 
approximately 0.04 cm-1 . Fig. 3.17 compares this spectrum with a section of the 
spectrum presented in the main text. The two spectra agree and confirm that the 
spectral detail is not limited by the broad (4-11 cm-1) linewidth of the OPO laser 
system.
W a v e le n g th  /  nm
2 5 4 .0  2 5 3 .5  2 5 3 .0  2 5 2 .5  2 5 2 .0  2 5 1 .5
F ig u r e  3 .1 7 : PD action spectra of the N-pyridinium cation (C5H5NH+) mon­
itoring the H2-loss channel recorded using a dye laser (green line) and an OPO 
(red line).
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3.8.5 CASSCF(6,6)/aug-cc-pVDZ geometries and impor­
tant normal modes
Geometries in Cartesian coordinates
So
S i
Atomic number x  /  A y /  A z /  A
6 (C) 0.00000000 1.18320900 0.66866100
6 (C) 0.00000000 1.21005800 -0.71676800
6 (C) 0.00000000 0.00000000 -1.41744300
6 (C) -0.00000100 -1.21005800 -0.71676800
6 (C) 0.00000000 -1.18320900 0.66866100
1 (H) 0.00000000 2.06523300 1.28699600
1 (H) -0.00000200 2.15920600 -1.22741300
1 (H) 0.00000200 0.00000000 -2.49678500
1 (H) 0.00000000 -2.15920600 -1.22741300
1 (H) -0.00000100 -2.06523300 1.28699600
1 (H) 0.00000100 0.00000000 2.30728200
7(N) 0.00000100 0.00000000 1.30338300
Atomic number x /  A y / A z /  A
6 (C) 0.00000000 1.19755600 0.68720400
6 (C) 0.00000000 1.22595700 -0.73616200
6 (C) 0.00000000 0.00000000 -1.49005400
6 (C) 0.00000000 -1.22595700 -0.73616200
6 (C) 0.00000000 -1.19755600 0.68720400
1 (H) 0.00000000 2.08466100 1.29700700
1 (H) -0.00000100 2.18920400 -1.21828300
1 (H) 0.00000000 0.00000000 -2.56499100
1 (H) 0.00000000 -2.18920400 -1.21828300
1 (H) 0.00000000 -2.08466100 1.29700700
1 (H) 0.00000000 0.00000000 2.35922800
7 (N) 0.00000000 0.00000000 1.35567300





Frequency /  cm-1 651.1548 1059.0431
Reduced mass /  amu 6.2446 5.9951
Force constant /  10-8 N-A 1.5600 3.9617
Atom # x y z x y z
1 0.0 0.2 -0.03 0.0 0.19 0.11
2 0.0 0.23 0.03 0.0 0.29 -0.15
3 0.0 0.0 0.38 0.0 0.0 -0.25
4 0.0 -0.23 0.03 0.0 -0.29 -0.15
5 0.0 -0.2 -0.03 0.0 -0.19 0.11
6 0.0 0.0 0.26 0.0 0.16 0.21
7 0.0 0.08 -0.25 0.0 0.35 -0.12
8 0.0 0.0 0.39 0.0 0.0 -0.28
9 0.0 -0.08 -0.25 0.0 -0.35 -0.12
10 0.0 0.0 0.26 0.0 -0.16 0.21
11 0.0 0.0 -0.35 0.0 0.0 0.28
12 0.0 0.0 -0.34 0.0 0.0 0.26
1̂ 6̂
Frequency /  cm-1 567.8942 970.8307
Reduced mass /  amu 6.3584 3.8921
Force constant /  10-8 N-A 1.2082 2.1613
Atom # x y z x y z
1 0.0 0.22 -0.01 0.0 -0.05 -0.13
2 0.0 0.24 0.03 0.0 -0.25 0.04
3 0.0 0.0 0.36 0.0 0.0 0.31
4 0.0 -0.24 0.03 0.0 0.25 0.04
5 0.0 -0.22 -0.01 0.0 0.05 -0.13
6 0.0 0.02 0.27 0.0 0.07 -0.32
7 0.0 0.11 -0.24 0.0 -0.39 -0.21
8 0.0 0.0 0.36 0.0 0.0 0.34
9 0.0 -0.11 -0.24 0.0 0.39 -0.21
10 0.0 -0.02 0.27 0.0 -0.07 -0.32
11 0.0 0.0 -0.35 0.0 0.0 -0.06
12 0.0 0.0 -0.35 0.0 0.0 -0.06
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3.8.6 TD-DFT CAM-B3LYP/aug-cc-pVDZ geometries and 
normal modes
Geometries
Atomic number x  /  A y /  A z /  A
6 (C) 0.00000000 1.18543609 0.66518605
6 (C) 0.00000000 1.20892409 ■-0.71444806
6 (C) 0.00000000 0.00000000 ■-1.41044811
6 (C) 0.00000000 -1.20892409 ■-0.71444806
6 (C) 0.00000000 -1.18543609 0.66518605
So 1 (H) 0.00000000 2.07884916 1.28560510
1 (H) 0.00000000 2.16453816 -1.23396109
1 (H) 0.00000000 0.00000000 -2.50025319
1 (H) 0.00000000 -2.16453816 -1.23396109
1 (H) 0.00000000 -2.07884916 1.28560510
1 (H) 0.00000000 0.00000000 2.32136417
7 (N) 0.00000000 0.00000000 1.30420610
Atomic number x /  A y / A z /  A
6 (C) 0.00000000 1.19064709 0.67806605
6 (C) 0.00000000 1.20132509 -0.73359806
6 (C) 0.00000000 0.00000000 -1.48235011
6 (C) 0.00000000 -1.20132509 -0.73359806
6 (C) 0.00000000 -1.19064709 0.67806605
S i C 2v minimum 1 (H) 0.00000000 2.10434016 1.26982610
1 (H) 0.00000000 2.17398317 -1.22319009
1 (H) 0.00000000 0.00000000 -2.56740620
1 (H) 0.00000000 -2.17398317 -1.22319009
1 (H) 0.00000000 -2.10434016 1.26982610
1 (H) 0.00000000 0.00000000 2.39118118
7 (N) 0.00000000 0.00000000 1.37763310
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Atomic number x  /  A y /  A z /  A
6 (C) -0.11503109 1.07153795 0.69000073
6 (C) -0.11503109 1.17459611 -0.71912608
6 (C) 0.01657148 0.00000000 -1.47532078
6 (C) -0.11503109 -1.17459611 -0.71912608
6 (C) -0.11503109 -1.07153795 0.69000073
Si m inim um  1 (H) -0.60293755 1.80614388 1.33584526
1 (H) -0.28834882 2.15011162 -1.17515193
1 (H) 0.10791608 0.00000000 -2.55826740
1 (H) -0.28834882 -2.15011162 -1.17515193
1 (H) -0.60293755 -1.80614388 1.33584526
1 (H) 0.54762837 0.00000000 2.31965387
7(N) 0.54119221 0.00000000 1.30266510
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Si C 2v m inim um  b1 norm al m odes
” 15 ” 16
Frequency /  cm- 1 -297.7438 -43.7065
Reduced mass /  amu 1.9818 2.1767
Force constant /  10- 8 N-A 0.1035 0.0024
Atom # x y z x y z
1 0.12 0.00 0.00 0.18 0.00 0.00
2 -0.04 0.00 0.00 -0.19 0.00 0.00
3 0.05 0.00 0.00 0.00 0.00 0.00
4 -0.04 0.00 0.00 0.19 0.00 0.00
5 0.12 0.00 0.00 -0.18 0.00 0.00
6 0.60 0.00 0.00 0.50 0.00 0.00
7 -0.31 0.00 0.00 -0.42 0.00 0.00
8 -0.07 0.00 0.00 0.00 0.00 0.00
9 -0.31 0.00 0.00 0.42 0.00 0.00
10 0.60 0.00 0.00 -0.50 0.00 0.00
11 -0.22 0.00 0.00 0.00 0.00 0.00
12 0.01 0.00 0.00 0.00 0.00 0.00
” 17 ” 18
Frequency /  cm- 1 451.8083 625.0241
Reduced mass /  amu 1.0939 1.1376
Force constant /  10- 8 N-A 0.1316 0.2618
Atom # x y z x y z
1 -0.02 0.00 0.00 0.00 0.00 0.00
2 0.02 0.00 0.00 0.07 0.00 0.00
3 -0.02 0.00 0.00 0.04 0.00 0.00
4 0.02 0.00 0.00 0.07 0.00 0.00
5 -0.02 0.00 0.00 0.00 0.00 0.00
6 -0.05 0.00 0.00 -0.23 0.00 0.00
7 0.10 0.00 0.00 -0.27 0.00 0.00
8 0.07 0.00 0.00 -0.86 0.00 0.00
9 0.10 0.00 0.00 -0.27 0.00 0.00
10 -0.05 0.00 0.00 -0.23 0.00 0.00
11 -0.07 0.00 0.00 -0.03 0.00 0.00
12 0.98 0.00 0.00 0.04 0.00 0.00
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"19 "20
Frequency /  cm- 1 733.3982 881.7622
Reduced mass /  amu 1.5227 2.1327
Force constant /  10- 8 N-A 0.4826 0.9770
Atom # x y z x y z
1 -0.13 0.00 0.00 -0.11 0.00 0.00
2 -0.01 0.00 0.00 0.16 0.00 0.00
3 0.09 0.00 0.00 -0.15 0.00 0.00
4 -0.01 0.00 0.00 0.16 0.00 0.00
5 -0.13 0.00 0.00 -0.11 0.00 0.00
6 0.54 0.00 0.00 0.31 0.00 0.00
7 0.28 0.00 0.00 -0.53 0.00 0.00
8 -0.47 0.00 0.00 0.37 0.00 0.00
9 0.28 0.00 0.00 -0.53 0.00 0.00
10 0.54 0.00 0.00 0.31 0.00 0.00
11 0.07 0.00 0.00 0.04 0.00 0.00
12 0.06 0.00 0.00 -0.01 0.00 0.00
S1 minimum nitrogen pyramidalization mode
"15
Frequency /  cm- 1 530.0337
Reduced mass /  amu 2.4711
Force constant /  10- 8 N-A 0.4090
Atom # x y z
1 0.10 0.01 -0.06
2 -0.07 0.04 -0.09
3 0.07 0.14 0.00
4 -0.07 0.04 0.09
5 0.10 0.01 0.06
6 0.01 0.13 -0.02
7 -0.53 -0.07 -0.12
8 -0.1 0.16 0.00
9 -0.53 -0.07 0.12
10 0.01 0.13 0.02
11 -0.40 -0.22 0.00
12 -0.01 -0.21 0.00
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3.8.7 Si planar!prefulvenic interpolated reaction coordi­
nate
The isomerization from the optimized planar (C2v) structure to the non-planar global 
minimum occurs along b1 normal modes, however, the displacement is artifactually 
‘contaminated’ with a1 motions (particularly changes in C-H bond lengths). This 
is possibly because Cartesian coordinates were used for the geometry optimizations, 
and the geometry displacement is large, resulting in the non-physical activation of 
ai coordinates as the displacement in one Cartesian coordinate is partially projected 
onto the other. To simulate an intrinsic reaction coordinate (IRC), the displacement 
must proceed along a minimum energy path i.e. the normal modes inactive in the 
isomerization should be optimized and at their energy minimum -  they should be 
orthogonal to the reaction coordinate and not contribute to it. Thus the nuclear 
motions need to be separated into ai and bi components and the ai motion damped 
such that the interpolated coordinate more closely resembles a true IRC.
The cartesian coordinates of the optimized C2v structure, and of the excited 
state global minimum were converted to Z-matrix format including three dummy 
atoms positioned so that the displacement of each internal coordinate described a 
change in one bond-length coordinate, angle or torsion of a1 or b1 motion. The C2v 
(x =  0) structure was then projected toward the global minimum (x =  1) and single 
point energies calculated at 20 equally-spaced geometries. The b1 coordinates were 
projected curvilinearly while the a1 coordinates were projected according to Eq. 3.1:
Qa, (x) =  1 (3.1)l x  : x > 1
Eq. 1 is a cubic spline that suppresses a1 motion in the vicinity of the C2v mini­
mum (x =  0) and restores it by the global minimum (x =  1), making the coordinate 
continuously differentiable. Furthermore, the force constants for the a1 motion are 
zero at the two stationary points. Eq. 1 is one of the simplest mathematical func­
tions to meet these criteria. The resultant coordinate appears as the abscissa in 
Fig. 3.6 shown in the main text.
Curvilinear coordinates can be expected to give improved results over rectilinear 
coordinates as this displacement involves a large geometry change and substantial 
internal bending. Cartesian coordinates are useful and reliable for small geom­
etry changes when the displacements correspond well to changes in the internal 
coordinates but can be unreliable for larger displacements. In fact, an equivalent 
rectilinear projection along Cartesian coordinates results in an initial increase in 
potential energy as the geometry is projected towards the global minimum leading 
to an ill-defined ’triple-well’ potential energy surface -  not reported herein.
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3.8.8 Si planar!prefulvenic displacement length scale
T a b le  3 .2 :  Si planar !prefulvenic displacement projected onto the b1 normal 
modes (CAM-B3LYP/aug-cc-pVDZ) of the S1 C2v minimum in units of zero- 
point vibrational displacement.
b1 mode number Frequency /  cm 1 Displacement Huang-Rhys
factora
15 -298 4.9537 12.27
16 -44 -1.4770 1.09
17 452 -0.1997 0.02
18 625 -0.0193 0.00
19 733 -0.3421 0.06
20 882 -0.3394 0.06
Total 13.50
p2 • 13.50
a (Displacement)2/} =  5.20
The length-scale of the interpolated coordinate was multiplied by 5.20 to give the 
b1 normal-mode projected displacement in the main text.













15 16 17 18 19 20
S0 minimum
F ig u r e  3 .1 8 : Duschinsky rotation matrix for the b1 symmetry block, calculated 
in rectilinear coordinates, between the planar (C2v) excited state minimum and 
the ground state minimum.
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3.8.10 Quartic potential energy functions
F ig u r e  3 .1 9 : Quartic potential energy functions and corresponding energy eigen­
values.
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T a b le  3 .3 : Eigenvalues of the fitted quartic potential Case 1 and the simulated 
transition electric dipole moments from a harmonic ground state. The transitions 
responsible for the dominant four predicted spectral features are in bold.















-92 a 1 0.0811
-84 b1 0.0000
+  16 a 1 0.3223
+60 b1 0.0000
+  137 a 1 0.2209
+212 b1 0.0000










+  1300 a1 0.0029
+1415 b1 0.0000
+  1534 a1 0.0014
+1653 b1 0.0000
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T a b le  3 .4 : Eigenvalues of the fitted quartic potential Case 2 and the simulated 
transition electric dipole moments from a harmonic ground state. The transitions 
responsible for the dominant four predicted spectral features are in bold.





+ 5 a i 0.3312
+38 bi 0.0000
+  105 a i 0.2701
+  174 bi 0.0000
+ 252 a i 0.1318
+336 bi 0.0000










+  1544 ai 0.0015
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3.8.11 Low energy spectral features
T a b le  3 .5 : Assignments and wavenumber position (relative to the A origin) of 
the spectral features shown in Fig. 10 in the main text.
Assignment Experimental Interpolated Coordinate Case 1 Case 2
/  cm 1 /  cm 1 /  cm 1 /  cm'
o o 
OQ





0 0 0 0
B00 90 204 121 147
C00 260 566 278 320
D60 415 - 407 415
A60 515 - 515 515
B60 605 - 636 662
F ig u r e  3 .2 0 : Comparison of the first four assigned spectral features of the pyri- 
dinium cation in the a) -N2 channel of the resonance enhanced photodissociation 
spectrum (Melbourne) and b) the -H2 channel of the photodissociation action 
spectrum (Wollongong).
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3.8.12 d5 potential energy scheme
D
X (x Ax)
F ig u r e  3 .2 1 : CBS-QB3 potential energy scheme for the ground-state photodis­
sociation of the C5D5NH+ cation.
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4.1 The N-methylpyridinium cation
The section explores the photochemistry and spectroscopy of the N-methylpyridinium 
cation. It has been published in its current form as the following peer-reviewed pub­
lication:
Christopher S. Hansen, Benjamin B. Kirk, Stephen J. Blanksby, and Adam J. Tre- 
vitt, Ultraviolet Photodissociation of the N-methylpyridinium Ion: Action Spec­
troscopy and Product Characterization, Journal of Physical Chemistry A 117, 10839­
10846 (2013).
Reproduced as Appendix C
Section 4.2 is not included in this publication and is unpublished work.
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4.1.1 Abstract
The ultraviolet photodissociation of gas-phase N-methylpyridinium ions is studied at 
room temperature using laser photodissociation mass spectrometry and structurally 
diagnostic ion-molecule reaction kinetics. The C5H5N-CH+ (m/z 94), C5H5N-CD+ 
(m/z 97), and C5D5N-CH+ (m /z 99) isotopologues are investigated and it is shown 
that the N -methylpyridinium ion photodissociates by the loss of methane in the 
36 000 -  43 000 cm-1 (280 -  230 nm) region. The dissociation likely occurs on 
the ground state surface following internal conversion from the S1 state. For each 
isotopologue, by monitoring the photofragmentation yield as a function of pho­
ton wavenumber, a broad vibronically-featured band is recorded with origin (0- 0) 
transitions assigned at 38 130, 38 140 and 38 320 cm-1 for C5H5N-CH+ C5H5N- 
CD+ and C5D5N-CH+, respectively. With the aid of quantum chemical calculations 
(CASSCF(6,6)/aug-cc-pVDZ) most of the observed vibronic detail is assigned to 
two, in-plane ring-deformation modes. Finally, using ion-molecule reactions the 
methane co-product at m /z 78 is confirmed as 2-pyridinylium ion.
4.1.2 Introduction
N-substituted pyridinium is a chemical unit with both electron withdrawing and 
electron accepting character that is widely deployed in tandem with electron donat­
ing groups to assemble fluorescent charge-transfer dyes. These dyes function as pho­
tosensitizers in organic solar cells[1-5 ], markers and tags for biological microscopy[6-  
13] and as fluorescent pH sensors[14]. Porphyrin-based dyes can be derivatised with 
N-pyridinium acceptor groups to modify their optical properties[3, 7, 8, 15]. N - 
substituted pyridinium units are also included in ionic liquids used as the electrolyte 
in organic solar cells[16-18]. It is also postulated that aromatic nitrogen heterocycles 
could be responsible for unassigned features in the absorption spectra of interstellar 
media and that they may have played a role in the chemical origin of life[19-21]. 
Laboratory studies are essential for establishing their spectroscopy[19, 22].
In all of these aforementioned cases, the photochemistry, photostability and elec­
tronic properties of the pyridinium moiety govern its functionality. However, funda­
mental studies of these properties in the gas phase are somewhat sparse. Pyridine 
derivatives can be difficult to study spectroscopically because of pyridine’s limited 
fluorescence[23, 24], high intersystem crossing (ISC) yields[24-26] and short excited 
state lifetimes leading[26], in part, to broad absorption profiles[23, 25-27].
N-methylpyridinium (m/z 94, Scheme 1) is a simple pyridinium derivative that 
features in many of the systems described above. However, to the best of our knowl­
edge, there is no published gas-phase electronic spectrum for this ion and the only 
previous investigation into the photodissociation of gas-phase N-methylpyridinium
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C H 3
m /z 94
S c h e m e  4 .1 :  The N-methylpyridinium ion photodissociates to form the 2- 
pyridinylium ion and methane following ultraviolet excitation in the 36 000 -  43 
000 cm-1 (280 -  230 nm) region.
employed infrared multiphoton photodissociation (IRMPD) and identified no pho­
todissociation products[28]. The current study combines gas-phase ultraviolet (UV) 
photodissociation (PD) mass spectrometry (MS), ion-molecule reaction kinetics and 
UV PD action spectroscopy to provide the first insights into the photodissociation 
and electronic spectroscopy of this system. PD action spectroscopy is utilized to 
record vibronically-featured UV photodissociation action spectra for C5H5N-CH+ 
(NMP-do), C5H5N-CD+ (NMP-ds) and C5D5N-CH+ (NMP-d3) isotopologues of the 
N-methylpyridinium ion (Chart 1) in the region 36 000 -  43 000 cm-1 (280 -  230 
nm). In all cases, a broad transition is observed and most of the vibronic detail is 
assigned to activity in two ring-deformation modes. Quantum chemical calculations 
and Franck-Condon simulations are employed to assist with these assignments.
C h a r t  4 .1 :  The three N-methylpyridinium isotopologues used in this study.
4.1.3 Experimental Methods
The mass spectrometry experiments were performed using a commercial Thermo 
Fisher Scientific LTQ linear quadrupole ion trap mass spectrometer with modifica­
tions for performing fixed-frequency laser photodissociation[29], tuneable photodis­
sociation action spectroscopy[30] and neutral reagent ion-molecule chemistry[31]. 
Briefly, gas-phase ions are prepared by electrospray ionization (ESI), mass-selected 
and isolated in the ion trap where they are thermalized to near ambient temper- 
ature[31, 32] through collisions with the helium buffer gas (2.5 x 10-3 Torr). A 
single pulse from a tunable laser irradiates the trapped ion ensemble, which is then 
scanned out from the ion trap to acquire a single photon energy PD mass spectrum 
containing precursor and photofragment ions. The photoproduct yield is calculated
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from this PD mass spectrum and the laser is tuned to the next wavelength. This 
process is repeated and by plotting the photoproduct yield as a function of wave­
length, a PD action spectrum is constructed. The tunable laser system comprises 
an optical parametric oscillator (OPO) and secondary harmonic generation (SHG) 
unit (flexiScan/uvScan, GWU-Lasertechnik) pumped by the 3rd harmonic (355 nm) 
of a Nd:YAG laser (QuantaRay INDI, Spectra-Physics) operating at 10 Hz. This 
provides a pulsed (~5 ns pulse width) photon source tunable from 220 nm -  2.5 ^m 
with a resolution limit of approximately 0.05 nm in the 280 -  220 nm region. Across 
the spectral range used in this study (280 -  230 nm), laser energies are approxi­
mately 2 mJ/pulse before entering the ion trap chamber. Action spectra reported 
herein are the summation of two complete spectra.
The photodissociation for ion-molecule reaction kinetics experiments was per­
formed at A =  266 nm using a Nd:YAG laser (MiniLite II, Continuum, Inc.), ~4 
mJ/pulse. The methods for measuring the kinetics of ion-molecule reactions in the 
modified ion trap mass spectrometer are similar to those described previously[31]. 
Briefly, 2-methyl-1,3-dioxolane (Alfa Aesar) was infused into the helium buffer gas 
at 363 K using a syringe pump immediately prior to the gas stream entering the ion 
trap. These conditions provided a steady concentration of neutral reagent in the ion 
trap to undergo with reactions with trapped ions. Pseudo-first order reaction kinet­
ics were recorded by isolating the m /z 78 photoproduct ion in a MS4 experiment and 
increasing the activation time parameter in the Xcalibur control software (Thermo 
Fisher Scientific) while maintaining the normalized collision energy at zero.
Reagent grade iodomethane, iodomethane-d3 (99.5 atom % D) (Sigma Aldrich) 
and pyridine (Thermo Fisher Scientific) were purchased from commercial vendors. 
Pyridine-d5 (99.5 atom % D) was purchased from Cambridge Isotope Laboratories 
(Andover, MA). Similarly to other studies involving the N-alkylation of azaben- 
zenes[33], the N-methylpyridinium ion and its d3/d 5-isotopologues were prepared as 
iodide salts by the nucleophilic substitution reaction between appropriately deuter- 
ated iodomethane and pyridine. The salts were recrystallized from HPLC grade 
acetone (Thermo Fisher Scientific), dissolved in HPLC grade methanol (Thermo 
Fisher Scientific) and subjected to electrospray ionization to form gas-phase N- 
methylpyridinium cations.
4.1.4 Computational Methods
Quantum chemical calculations were performed using Gaussian 09(c01)[34] and vi­
sualization of results was undertaken using GaussView software 5.0.8[35]. Franck- 
Condon (FC) calculations and room-temperature (300 K) vibronic absorption spec­
tra simulations including 0 - 3  quanta of the five most FC active excited state modes
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were performed from CASSCF results using PGOPHER 7.1.108[36] -  a program that 
simulates vibronic structure including full multidimensional Franck-Condon factors 
with both mode displacements and mixing between modes (Duschinsky mixing). 
Ground state energies were calculated using the CBS-QB3[37, 38] method.
4.1.5 Results and Discussion
The results and discussion are organized in the following way. The PD mass spec­
trometry and PD action spectroscopy will be discussed first, followed by computa­
tional investigations that detail simulation of the spectroscopy and thermodynamics. 
This is followed by the results of ion-molecule reactions that assist with determining 
the structure of the dominant photoproduct ion.
Photodissociation action spectroscopy
Representative PD mass spectra (A =  250 nm) are presented for NMP-do, NMP-d3 
and NMP-d5 in Fig. 4.1. In each case, a single dominant photoproduct ion consistent 
with the loss of methane, CH4, is observed. The NMP-d0 ion (m/z 94) loses CH4 
(16 Da) to yield a product ion at m /z 78 (Fig. 4.1a), NMP-d3 (m/z 97) loses CD3H 
(19 Da) to also yield m /z 78 (Fig. 4.1b) and NMP-d5 (m/z 99) loses CH3D (17 Da) 
to form m /z 82 (Fig. 4.1c). For each mass spectrum in Fig. 4.1, the peak labeled 
with a diamond indicates the addition of background water (18 Da) to the dominant 
photoproduct (described in more detail below). Two small peaks are observed at 
m /z 77 and 93 in Fig. 4.1a, these arise from a small amount of background isobaric 
anilinium (C6H5NH+, m /z 94) that photodissociates by loss of either H and NH3 
to yield ions of m /z 93 and 77, respectively. A PD mass spectrum of anilinium (A 
=  250 nm) is included in the Supporting Information (Section 4.3, Fig. 4.13). In 
Fig. 4.1b, there are two small peaks visible after 5x magnification at m /z 79 and 
80. Similarly, Fig. 4.1c shows three small peaks corresponding to ions of m /z 81, 
80 and 79. These ions likely arise from intramolecular hydrogen/deuterium (H/D) 
scrambling that precedes dissociation of the photoactivated ion. H/D-scrambling is 
known to occur in aromatic photodissociation dynamics, often to completion and on 
a microsecond time scale[39, 40]. The low abundance of these H/D-scrambled photo­
product ions suggest that, in this instance, photodissociation generally outcompetes 
H/D-scrambling.
Photodissociation action spectra, presented in Fig. 4.2, were obtained for each 
of the NMP-d0, NMP-d3 and NMP-d5 ions by monitoring the methane loss channel 
as a function of photon energy across the range 36 000 -  43 000 cm- 1 (280 -  230 
nm). The NMP-d0 and NMP-d3 spectra (Fig. 4.2a and Fig. 4.2b) both present a 
broad electronic band, exhibiting sharper features. The broad bands onset at ~37
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F ig u r e  4 .1 : Photodissociation mass spectra (A = 250 nm) of (a) N-
methylpyridinium-do (NMP-do), (b) N-methylpyridinium-d3 (NMP-d3) and (c) 
N-methylpyridinium-d5 (NMP-d5) ions. In each spectrum, the peak marked with 
a diamond corresponds to addition of 18 Da (i.e., water) to the major photoprod­
uct.
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000 cm-1 and build to a first sharp peak centered at 38 130 cm-1 for NMP-d0 and 38 
140 cm-1 for NMP-d3. We assign these peaks as the electronic origin (0-0); support 
for this assignment is presented below and incorporates simulation of absorption 
transitions. The next resolved peak appears at (0-0) +  500 cm-1 for NMP-d0 and 
(0-0) +  480 cm-1 for NMP-d3 (indicated with a diamond) and in both cases, two 
successive peaks are present at +970 cm-1 increments from here (also diamonds). 
Another set of peaks are also spaced by 970 cm-1 but commence at (0-0) +  970 
cm-1 (indicated with squares). A small distinct feature, (0-0) - 560 cm-1 for NMP- 
d0 and (0-0) - 480 cm-1 for NMP-d3, is evident (triangle). We assign this feature as a 
hotband based on the simulations, see below. The PD action spectrum of the NMP- 
d5, Fig. 4.2c, also reveals a broad, vibronically-featured electronic transition. The 
morphology of this spectrum is similar to that of the others but appears generally 
blue-shifted and more congested. The proposed electronic origin (0-0) occurs at 
38 320 cm-1 , approximately 180 cm-1 higher than NMP-d0. A (0-0) +  470 cm-1 
peak is evident and at least one peak +940 cm-1 from here. There is evidence of at 
least one (0-0) +  940 cm-1 feature and possibly a second (squares). The structured 
PD action spectra shown here infer a transition to a bound excited state and the 
assignment of the origin suggests that vibrationally cold, electronically excited ions 
are dissociating. From this, the rearrangement and elimination are expected to take 
place on the ground electronic state following internal conversion. The energetics of 
the ground state dissociation is explored below.
Spectrum simulation
The N-methylpyridinium ion is aromatic and all of the nitrogen atom valence elec­
trons are constrained to covalent N-C bonds. Thus, we can expect all low-lying 
electronic transitions to occur within the n system. For monocyclic, 6-member aro­
matic rings, the lowest energy, singlet-singlet absorption (S1 —- S0 ) band typically 
occurs at around 260 nm. This band is derived from the 1 B2u —- 1 A 1 g b an d in ben­
zene and is often termed the benzenoid band[41]. It appears slightly blue-shifted in 
the spectra of most six-membered azabenzenes[42] including the pyridinium ion[25- 
27]. The next lowest singlet-singlet (S2 —- S 0 ) ab s orption feature corresponds to 
the transition derived from the 1 B1u —- 1A — transition in benzene. This band typ­
ically lies above the maximum photon energy of our laser (220 nm). The methyl 
substituent of N-methylpyridinium lowers the symmetry to Cs but does not signif­
icantly perturb the n system, thus it can be expected to exhibit a single nn* band 
at around 260 nm. To study this excited state of the molecular ion, we employed 
a complete-active-space self-consistent-field (CASSCF) calculation with the aug- 
cc-pVDZ (augmented correlation-consistent polarized valence double-zeta) basis set 
and an active space comprising the six valence (3 occupied, 3 unoccupied) n orbitals.
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F ig u r e  4 .2 : Photodissociation action spectra recorded for (a) C5H5N-CH+, 
(b) C5H5N-CD+ and (c) C5D5N-CH+. The electronic origin (0-0) transition 
assignment is labeled; other peak labels are discussed in the text.
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Isotopologue Experimental /  cm 1 Calculated /  cm 1 Difference /  cm-1
NMP-d0 38 130 38 605 475
NMP-d3 38 140 38 615 475
NMP-d5 38 320 38 776 456
T a b le  4 .1 : Comparison of the experimental and calculated CASSCF(6,6)/aug- 
cc-pVDZ adiabatic transition energies (0-0) for the first singlet excited state of 
the NMP-do, NMP-d3 and NMP-d5 ions.
TD-DFT calculations employing the B3LYP, CAM-B3LYP and !B97XD function­
als were also attempted. However, in all cases, the corresponding Si ion could not be 
constrained from proceeding towards the prefulvenic valence isomer reminiscent of 
the ’’ channel 3” phenomenon observed in benzene[43] and other aromatic systems, 
including pyridinium[26]. This perhaps provides some insight into the deactivation 
pathway for this system, but more detailed dynamical calculations are required to 
verify this statement. For the purpose of simulating a Franck-Condon absorption 
spectrum, these methods could not provide a stable structure representative of the 
initially-prepared excited state.
The adiabatic transition energies for each of the isotopologues were determined 
from the optimized Cs ground and excited state geometries generated from the 
CASSCF(6,6)/aug-cc-pVDZ calculations. Table 4.1 compares these values with the 
positions of the proposed electronic origins in the experimental spectra. In all three 
cases, agreement between the predicted and measured adiabatic transition energies 
was observed within 1.2%.
For each isotopologue, the five most Franck-Condon active vibrational modes, 
as determined by the PGOPHER program, are illustrated in Fig. 4.3 and their 
predicted excited state frequencies are listed in Table 4.2. The vibronic absorption 
spectra simulations included 0-3 quanta of these five modes in the excited electronic 
state. Increasing the number of vibrational modes incorporated in the simulation 
did not significantly alter the simulated spectrum. The first mode, u1, is the methyl 
torsion vibration and the four remaining modes are all in-plane (a’) ring deformation 
modes. As seen in Fig. 4.3, two of the ring-deformation modes, u6 and ^10, involve 
some displacement of the methyl group. The deuterium-dependent frequency shifts 
in Table 4.2 are in accord with these observations. Deuteration of the methyl group 
increases the reduced mass of any vibrational mode coupled with methyl group 
displacement. Hence, modes u1, u6, and ^10, decrease in frequency from NMP-d0 to 
NMP-d3. The ring deformation modes not bearing significant displacement of the 
methyl group, ^15 and ^17, are unaffected. Likewise, deuterating the ring (NMP-d5) 
affects all ring-deformation modes and these decrease in frequency from NMP-d0 to 
NMP-d5. The methyl torsion mode is unchanged from NMP-d0 to NMP-d5.
As previously mentioned, a progression-building mode with a frequency of 970
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F ig u r e  4 .3 : Normal mode displacements for the five most FC-active modes of 
the NMP-do, NMP-d3 and NMP-d5 ions.
Mode Description v (NMP-do) 
/  cm- 1
v(NMP-d3) 
/  cm- 1
v(NMP-d5) 
/  cm- 1
methyl torsion 49 35 49
V6 N||, C| 502 486 491
V10 C|| 792 769 744
v15 CC (ring breathing) 987 986 860
v17 N||, C| 1055 1055 1007
T a b le  4 .2 : CASSCF(6,6)/aug-cc-pVDZ excited state vibrational frequencies for 
the five most FC-active modes of the N-methylpyridinium ion.
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F ig u r e  4 .4 :  (a) Experimental photodissociation action spectrum and (b) simu­
lated absorption spectrum for N-methylpyridinium.
cm-1 is apparent in the PD action spectrum of both the NMP-d0 and NMP-d3 
spectra. A good candidate for this mode is ^15; it is the totally-symmetric ring­
breathing mode and the predicted frequencies of 987 cm-1 (NMP-d0) and 986 cm-1 
(NMP-d3) are in closest agreement with the measured 970 cm-1 . Such totally- 
symmetric breathing modes are often responsible for progressions in the vibronic 
spectra of symmetric molecules[41, 44]. We note that the corresponding peak spacing 
in the NMP-d5 case is measured at 940 cm-1 , but the ^15 is calculated at 860 cm-1 ; 
an 80 cm-1 difference.
Fig. 4.4 compares the experimental PD action spectrum (Fig. 4.4a) and the 
simulated absorption spectrum (Fig. 4.4b) for the NMP-d0 ion. It is important to 
note that a PD action spectrum should not necessarily match the intensity profile 
of the simulated absorption spectrum as other processes following excitation may 
modify the photoproduct yield and thus modulate the action spectrum. However, 
it is reasonable to expect that the dominant Franck-Condon active modes for the 
absorption transition should prevail to some degree in the action spectrum as the 
observation of photoproducts is predicated, in this case, on the efficiency of prepar­
ing the electronic excited state. In Fig. 4.4, the assignments of and ^15 account for 
most of the vibronic detail. A sharp feature is apparent approximately 2150 cm-1 
above the origin (solid diamond), which matches a 60100150 combination transition 
in the simulation (solid diamond) and is a possible assignment. The hotband dis­
cussed earlier, labeled with a triangle in Fig. 4.2, is reproduced in the simulation 
as the 60 transition. Most of the PD action spectrum is not sufficiently resolved
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Isotopologue Abs. cm 1 Rel. cm 1 Assignment
NMP-do 37 570 - 560 61
38 130 0 00
38 360 +  500 616o
39 100 +  970 150
39 600 +  1 470 15060
40 070 +  1 940 150
* 40 300 +  2 170 15110160
40 570 +  2 440 15060
41 040 +  2 910 150
NMP-d3 37 650 -490 61
38 140 0 0000
38 620 +  480 60
39 110 +  970 150
39 590 +  1 450 15060
40 080 +  1 940 150
40 560 +  2 420 15060
41 050 +  2 910 150
NMP-d5 37 850 - 470 61
38 320 0 0000
38 790 +  470 6160
39 260 +  940 150
39 730 +  1 410 15060
* 40 200 +  1 880 150
T a b le  4 .3 : Assigned bands in the experimental photodissociation action spectra 
of the NMP-do, NMP-d3 and NMP-d5 ions. * More tentative assignments.
in our room-temperature experimental PD action spectrum. The simulation for 
the two deuterated cases are included in the Supporting Information (Section 4.3, 
Fig. 4.13. Based on these simulations, we assign the origin (0-0) transition, a pro­
gression building on the ring breathing mode u\5, a second mode adding to this 
progression, u6, and the hot band of u6 for the NMP-d0, NMP-d3 and NMP-d5 ions. 
These assignments are summarized in Table 4.3.
To the best of our knowledge, this is the first vibronically-featured gas-phase 
electronic spectrum of the N-methylpyridinium ion. Measurements of the adiabatic 
transition energy and two vibrational frequencies for (Si) state of its NMP-d0, NMP- 
d3 and NMP-d5 isotopologues are summarized in Table 4.4.
Energetics
The vibronically-featured PD action spectra and the assignment of the origin (im­
plying that vibrationally-cold electronically excited ions are dissociating) all point to 
dissociation occurring on the ground state electronic state surface following internal 
conversion. The observed loss of methane (CH4) from the N-methylpyridinium ion
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Isotopologue Adiabatic 
Transition 







NMP-do 38 130 500 970
NMP-d3 38 140 480 970
NMP-d5 38 320 470 940
T a b le  4 .4 : Spectroscopic measurements for the NMP-do, NMP-d3 and NMP-d5 
ions.
to form the 2-pyridinylium ion requires some intramolecular rearrangement. No­
tably, gas-phase N-pyridinium UV photodissociation shows loss of H2[27] and this 
is likely facilitated by intramolecular rearrangement prior to dissociation, reminis­
cent of the UV multiphoton photodissociaton of benzene to form 1,2-benzyne +  
H2 via 1,2-hydrogen migration followed by 1,1-molecular hydrogen elimination[39]. 
A  similar mechanism is explored here, involving a 1,2-methyl migration from the 
nitrogen to an adjacent carbon followed by the 1,1-elimination of CH3-H  from the 
nascent sp3-carbon. To simulate the potential energy diagram for this ground state 
process, stationary points were located on the ground state and their potential en­
ergies calculated using the CBS-QB3 method, these results are shown in Fig. 4.5. 
The energies of the other pyridinylium isomers, the N-CH3 homolysis reaction and 
neutral pyridine +  CH+ product channel were also calculated. Within this frame­
work, the 1,2-methyl migration proceeds through a transition state with a forward 
barrier of 74 kcal mol-1 and a reverse barrier of 16 kcal mol-1 to form a structural 
isomer 58 kcal mol-1 higher in energy. No stationary point was located between 
this isomer and the photoproducts, which lie 78 kcal mol-1 above the global min­
imum. The 2-pyridinylium ion is the most stable isomer compared to the 3- and 
4-pyridinylium ions at 95 and 100 kcal mol-1 respectively. The heterolysis prod­
ucts, neutral pyridine and the CH3+ ion, are 124 kcal mol-1 higher in energy than 
the N -methylpyridinium ion. The direct homolytic reaction, forming the pyridine 
radical cation and CH3- is also higher in energy (112 kcal mol-1) but still within 
the photon range used in this experiment, 102-123 kcal mol-1 . Neither of these two 
product channels are observed.
Ion-molecule chemistry
The PD action spectra and mass spectra do not directly reveal the structure of the 
dominant photoproduct. Stable isotope labeling is consistent with formation of a 
pyridinylium cation (C5H4N+) through loss of the methyl group and one ring hy­
drogen. Previously published ab initio calculations suggest that the 2-pyridinylium 
ion is the most stable of the pyridinylium isomers[45], but formation of alternate 
isomers, or indeed the possibility of an isomerically mixed ion population, could
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F ig u r e  4 .5 : Ground state CBS-QB3 potential energy diagram for the demethy- 
lation of the N-methylpyridinium ion. The photon energy range corresponding 
to the PD action spectra is indicated on the vertical axis.
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not be excluded on this basis. Therefore, ion-molecule reactions were conducted to 
elucidate the structure of the major photoproduct and to establish whether the ions 
detected resulted from one or more isomers.
S c h e m e  4 .2 :  Gas-phase ion-molecule reactions of the 2-, 3- and 4-pyridinylium
ions with 2-methyl-1,3-dioxolane.
The gas-phase ion-molecule reactions between the three possible pyridinylium 
cation isomers with a range of neutral reagents was previously investigated by Corilo 
and Eberlin[46]. The reaction of all three isomers with 2-methyl-1,3-dioxolane was 
found to yield proton and hydride transfer reaction products at m /z 87 and 89, 
respectively (Scheme 4.2). Importantly however, only the 2-pyridinylium underwent 
a transacetalization to form a diagnostic ion at m /z 122 (Scheme 4.2a) [46]. As 
such, the reaction product at m /z 122 can be used to confirm the presence of 2- 
pyridinylium ions within an ion population at m /z 78. Fig. 4.6 shows the PD 
product mass spectrum acquired after first isolating the N-methylpyridinium ion, 
irradiating it with a single A =  250 nm laser pulse, isolating the m /z 78 photoproduct 
and allowing it to dwell for 2000 ms in the presence of 2-methyl-1,3-dioxolane seeded 
into the ion-trap buffer gas (He). In this time period the pyridinylium ion is almost 
fully reacted; only a very small peak remains at m /z 78. Product ions are observed 
at m /z 87 and 89 consistent with hydride transfer from, or proton transfer to, the 
2-methyl-1,3- dioxolane reagent, consistent with prior observations but not specific 
to any isomer (Scheme 4.2). As noted earlier, the product ion at m /z 96 arises 
from a competing addition reaction between the pyridinylium ions and background 
water, but the isomer specificity of this water addition reaction is currently unknown. 
Importantly, an abundant product ion at m /z 122 is observed resulting from the 
diagnostic transacetalization reaction of the 2-pyridylium cation (Scheme 4.2a), thus
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F ig u r e  4 .6 :  Mass spectrum (ms3) following PD (A = 250 nm) of N-
methylpyridinium ion (m/z 94) then isolation of m/z 78 for 2000 ms in the 
presence of 2-methyl-1,3-dioxolane.
confirming its production from the ultraviolet photolysis of N-methylpyridinium 
ions.
To confirm that the m/z 78 ion population was exclusively the 2-pyridinylium 
ion and not a mixture of isomers, the kinetics of the gas-phase reaction with the 
dioxolane reagent was studied. Ions of m /z 78 arising from the photolysis (A =  
266 nm) of N -methylpyridinium (m/z 94) were isolated in the presence of 2-methyl- 
1,3-dioxolane, seeded into the helium buffer gas, with mass spectra recorded over 
reaction times varied from 5 ms to 195 ms in 5 ms increments. Fig. 4.7 shows 
the dependence of the pyridinylium ion (m/z 78), the protonated 2-methyl-1,3- 
dioxolane ion (m/z 89), the water addition (+  18 Da) product ion (m/z 96) and 
the transacetalization product ion (m/z 122) signals as a function of reaction time. 
The m/z 87 ion is a minor product and is not included in this kinetic analysis; the 
decay of the precursor ion (m/z 78) is the principal measurement. The pyridinylium 
ion precursor (m/z 78) decays exponentially with a half-life of approximately 80 ms. 
The concentration of both 2-methyl-1,3-dioxolane and water are steady and in excess 
such that the proton transfer, water addition and transacetalization reactions can 
all be considered pseudo-first order with respect to the pyridinylium ion. Thus, the 
rate law for the disappearance of pyridinylium ion will be given by Equation 4.1.
- -d [C dH4 N+] =  ki [C5 H4 N+] +  k2 [C5 H4 N+] +  k3 [C5 H4 N+ +  £4 [C5 H4 N+]
=  (ki +  £2 +  £3 +  £4 )[C5 H4 N+] (4.1)
=  k5 [C5 H4 N+]
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F ig u r e  4 .7 : Kinetic measurements for the decay of the 2-pyridinylium ion 
(m/z 78) isolated in the presence of 2-methyl-1,3-dioxolane (products at m/z 89 
and 122) and water (product at m/z 96). Inset: Pseudo-first order fit for the 
disappearance of the 2-pyridinylium ion (m/z 78).
In Equation 4.1, [C5H4N+] is the pyridinylium ion signal at m/z 78 and k1, k2, 
k3 and k4 are the pseudo-first-order rate coefficients for the hydride transfer, proton 
transfer, water addition and transcetalization reactions, as described above. The 
four pseudo-first-order rate coefficients can be combined into to a single pseudo­
first-order rate coefficient, k5, and the decay of m /z 78 should appear first-order 
-  any deviation would indicate that one or more of the reactions was not defined 
well by a pseudo-first-order rate law. The other pyridinylium isomers do not react 
with 2-methyl-1,3-dioxolane and if they were present in significant concentration 
then the decay of m /z 78 would deviate from pseudo-first-order behavior. The 
natural logarithm of the m /z 78 ion signal is plotted against reaction time in the 
inset of Fig. 4.7. The linear relationship confirms first-order behavior and supports 
the identity of the m /z 78 photoproduct, at A =  266 nm, as exclusively the 2- 
pyridinylium ion.
4.1.6 Conclusion
Photodissociation mass spectrometry of isotopologues and gas-phase ion-molecule 
reactions reveal that, following ultraviolet excitation in the region 36 000-43 000 
cm-1 (280-230 nm), the N-methylpyridinium ion dissociates to the 2-pyridinylium 
cation and neutral methane. This photodissociation likely occurs on the ground 
state surface following internal conversion from the S1 state. Quantum chemical 
calculations reveal a plausible mechanism for this process through the migration of 
the methyl group from the nitrogen to an adjacent carbon followed by elimination 
of methane.
Photodissociation action spectroscopy in the region 36 000-43 000 cm-1 (280­
230 nm) has led to the first vibronically-detailed, gas-phase electronic spectra of
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the NMP-do, NMP-d3 and NMP-d5 N-methylpyridinium ions. Most of the vibronic 
features can be assigned to two of the in-plane (a’) ring deformation modes. The 
adiabatic transition energy and the frequencies of the two of the excited state ring 
deformation modes have been measured.
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4.2 The N-ethyl- and N-octylpyridinium cations
This section investigates how the photochemistry and spectroscopy of N - 
alkylpyridinium cations is affected when the alkyl chain has more than one car­
bon atom. It further develops the work described above in Section 4.1 and is not 
yet published. It is shown that, following ultraviolet excitation, N -ethyl- and N - 
octylpyridinium cations form protonated pyridine (pyridineH+) through the loss of 
ethene (C2H4) and octene (CgH16), respectively. The neutral loss of an alkene, in 
these cases, is in contrast to the loss of the alkane (methane) for N-methylpyridinium 
and is also known to occur via IRMPD (see Section 1.5). This section verifies the 
identity of the N-ethylpyridinium UV photoproduct as protonated pyridine by com­
paring its action spectrum to that acquired for pyridineH+ in Chapter (3).
4.2.1 Experimental
Photodissociation mass spectrometry and action spectroscopy experiments were per­
formed as in the above section.
The PD action spectrum of the N-ethylpyridinium photoproduct was recorded 
using a variation of the optical coupling described in Section 2.4.2. Fig. 4.8 is 
a schematic illustration of the modified arrangement. The annotations are those 
described in Section 2.4.2, however, the final prism in the OPO beam periscope 
(previously P 3) has been replaced with a quartz window (W ). The fixed-frequency 
laser right-angle prisms have been rearranged so that the photolysis beam passes 
through the rear of the periscope. This is necessary to perform experiments with two 
ultraviolet wavelengths as the 266 nm dichroic mirror reflects wavelengths shorter 
than 270 nm. A quartz mirror transmits 266 nm light and reflects a fraction of the 
tunable UV light that is adequate for PD action spectroscopy experiments. The
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F ig u r e  4 .8 : Modified instrumental arrangement schematic coupling two UV 
laser beamlines to the ion trap.
F ig u r e  4 .9 : Ultraviolet transmission spectrum of the quartz window used in 
this study
transmission of the quartz window was recorded across the 270 -  220 nm wave­
length region at an approximately 45° angle of incidence using a Shimadzu UV-1700 
PharmaSpec spectrophotometer. The transmission spectrum is shown in Fig. 4.9 
revealing a transmission of ~80% throughout this region that drops sharply at wave­
lengths shorter than 230 nm. It is thus reasonable to assume that around 20% of 
the OPO light will be available for PD action spectroscopy experiments.
4.2.2 Results and Discussion
The A =  266 nm photodissociation mass spectrum of the N-ethylpyridinium cation 
(m/z 108) is shown in Fig. 4.10a. The dominant photodissiocation product at this 
wavelength is the loss of 28 Da to form a charged product at m /z 80. A trace
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F ig u r e  4 .1 0 : Photodissociation mass spectra (A = 266 nm) of (a) N-
ethylpyridinium and (b) N-octylpyridinium.
peak consistent with the loss of of CH3 (15 Da) is also present at m /z 93. This is 
consistent with the loss of ethene (C2H4) to form protonated pyridine (C5H6N+). 
The PD mass spectrum for N-octylpyridinium (m/z 192), also acquired at A =  266 
nm, is shown in Fig. 4.10b. The dominant PD pathway is analogous to the ethyl- 
case, where the neutral loss is consistent with the loss of octene to also form a m/z 
80 photoproduct.
The PD action spectrum of the ethene loss channel in N-ethylpyridinium is 
shown overlaying the N-methylpyridinium action spectrum in Fig. 4.11. The peak 
labels are the same as those used above in Fig. 4.2 where (0-0) marks the electronic 
origin, squares indicate the progression in the ring-breathing mode and diamonds 
one quanta of a ring-deformation mode, analogous to the u6 mode (Wilson notation) 
in benzene, adding to this progression. The ethyl- spectrum exhibits less resolved 
detail than the methyl- spectrum but is otherwise very similar. The electron origins 
are both recorded at 38 130 cm-1 , the ring-breathing mode frequency is also ~970 
cm-1 and the other dominant excited state vibration is about 70 cm-1 lower in the 
ethyl-case (430 cm-1). The decrease in the frequency of this mode is consistent with 
the above observation (Section 4.1.5) where it is also reduced by increasing the mass 
(through deuteration) of the N-substituent. It is clear that increasing the length of 
the alkyl chain minimally perturbs the n electron system.
The PD action spectrum of the 2 Da-loss channel of the N-ethylpyridinium m/z 
80 photoproduct is shown in Fig. 4.12. The quality of the data is low between 39 000 
-  39 500 cm-1 as this corresponds to the overlap region of the two OPO doubling 
crystals and is poorly transmitted through the quartz window. Outside this region 
the two spectra agree completely and confirm the identity of the m /z photoproduct
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F ig u r e  4 .1 1 : Photodissociation action spectra monitoring the formation of m/z 
80 following the ultraviolet irradiation of N-ethylpyridinium cations. The PD 
action spectrum for the CH4-loss channel of N-methylpyridinium is shown in the 
background. Peak labels are discussed in the text.
F ig u r e  4 .1 2 : Photodissociation action spectrum of 2 Da-loss channel of the 
N-ethylpyridium m/z 80 photoproduct compared to the H2-loss channel of pro- 
tonated pyridine (Chapter 3).
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as protonated pyridine.
4.2.3 Conclusion
Ultraviolet photodissociation mass spectrometry of N-ethylpyridinium and N- 
octylpyridinium cations show that both ions photodissociation through the loss of an 
alkene to form N-pyridinium. Photodissociation action spectroscopy of this channel 
for N-ethylpyridinium reveals less detail than the N-methylpyridinium spectrum 
and demonstrates that there are few differences between the spectroscopy of the 
lowest-lying electronic states of each. PD action spectroscopy of the ethene-loss 
photoproduct of N-ethylpyridinium compares well to a reference spectrum and ver­
ifies its identity as protonated pyridine.
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4.3 Supporting Information
F ig u r e  4 .1 3 :  Photodissociation mass spectrum (A = 250 nm) of anilinium (m/z 
94).
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F ig u r e  4 .1 4 : Simulated absorption spectra for N-methylpyridinium-d3 and 
N-methylpyridinium-d5 ion.
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Chapter 5
PyrimidineH+, PyrazineH+ and 
PyridazineH+.
The work presented in this chapter is being prepared for publication at the time of 
submission.
5.1 Abstract
The ultraviolet photodissociation action spectroscopy of protonated pyrimidine, 
pyrazine and pyridazine is studied in the gas-phase across the photon energy range 
35 000 -  45 000 cm-1 (285 -  220 nm). Each of the cation isomers fragment predomi­
nantly by the loss of HCN. The action spectra reveal a broad electronic band in this 
region for each isomer that arises from the S1 —- So transition. Each of these bands 
exhibits some vibronic detail that can be simulated using a CASSCF(8,7)/aug-cc- 
pVDZ model and FC absorption simulations and attributed mostly to in-plane ring 
deformations. The adiabatic excitation energies (electronic origins) have been as­
signed for the S1 —- S 0 elect ronic transitions in protonated pyrimidine, pyrazine and 
pyridazine as 40 700 ±  300, 36 600 ±  300 and 41 200 ±  500 cm-1 , respectively. 
The ground state potential energy schemes for fragmentation of pyrimidineH+ and 
pyrazineH+ have been investigated using the CBS-QB3 method to examine the 
preference of the -HCN product channel over the -H2 channel observed for other 
protonated nitrogen-containing aromatics.
5.2 Introduction
How is photochemistry affected by protonating an aryl nitrogen? Or by incorpo­
rating one into an aromatic ring? Neutral pyridine does not dissociate following 
irradiation at wavelengths longer than 200 nm[1, 2]. However, it has been shown
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that protonation of the nitrogen atom enables a H2-loss channel that allows spectro­
scopic interrogation of the protonated species in the ultraviolet (UV)[3, 4]. A similar 
UV photodissociation (PD) channel has also been recently reported for the gas-phase 
N-methylated pyridine cation[5], which has been known to not fragment under col- 
lisional activation or infrared multiphoton excitation[6]. These results prompt cu­
riosity over what effect protonation will have on similar species that already have 
access to an efficient PD channel. The diazines are derivatives of pyridine, shown 
as their protonated cations in Chart 5.1, where one carbon atom in the ring has 
been replaced by a nitrogen. Neutral pyrimidine and pyrazine have been shown to 
photodissociate in high yield following UV irradiation through the loss of HCN[7- 
12]. This presumably requires isomerisation prior to dissociation. While pyridazine 
has been shown to photodissociate, at low yields, into vinylacetylene and molecu­
lar nitrogen (N2) [13]. As bearers of protonated and unprotonated nitrogen atoms, 
the UV photodissociation of these protonated diazines, particularly pyrimidineH+ 
and pyrazineH+, may reveal insight into the effect of nitrogen protonation on the 
photoproduct channels of nitrogen-containing aromatic species and how these new 
fragmentation pathways compete with the known, efficient HCN loss channels of the 
neutral counterparts.
HI
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C h a r t  5 .1 : Structures of the protonated diazines: pyrimidineH+, pyrazineH+ 
and pyridazineH+.
Fundamentally, the electronic spectra of azabenzenes, particularly the diazines 
have provided excellent platforms for the benchmarking of developments in the un­
derstanding of vibronic coupling interactions[14-16]. The photochemistry of proto­
nated diazine ions is also important for biochemistry. Diazine units, namely pyrim­
idine, make up the backbone of many biomolecules including all of the nucleobases. 
Because DNA damage and repair is postulated to involve localized processes[17, 18], 
and damage can be photoinitiated, it is important to understand the monomers’ 
photochemistry. Gas-phase studies have been shown to provide insight into the 
solution-phase behaviour of biologically-relevant compounds[18-22] and an under­
standing of the protonated variants is crucial as the base-pairing process imposes a 
protonation effect onto the nitrogen atom through hydrogen bonding.
This manuscript reports the ultraviolet photodissociation action spectra of 
pyrimidineH+, pyrazineH+ and pyridazineH+ in the 35 000 -  45 000 cm-1 (285 
-  220 nm) region. Each spectrum exhibits a single broad electronic band in this
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region with some traces of vibronic detail. These spectra are interpreted with the 
aid of electronic structure calculations and FC absorption spectra simulations. It is 
revealed that all of the protonated isomers photodissociate through the loss of HCN 
with no evidence for H2 loss. The ground-state energetics of these fragmentation 
pathways were explored using the CBS-QB3 method.
5.3 Experimental Methods
The experimental setup is described in detail elsewhere and only a brief overview 
is provided here[23]. Photodissociation experiments were performed in a Thermo 
Fisher Scientific LTQ linear quadrupole ion trap mass spectrometer modified to al­
low optical axis along the linear ion trap principle axis. The photolysis laser system 
comprised a GWU-Lasertechnik flexiScan frequency-doubled midband OPO laser 
pumped by the third harmonic (355 nm) of a Spectra-Physics QuantaRay INDI 10 
Hz, nanosecond Nd:YAG laser. The linewidth of the UV output is 4-11 cm-1 result­
ing in a resolution limit of ~0.05 nm and 1-3 mJ of power in the ultraviolet. The 
OPO wavelength was calibrated using a Toptica HighFinesse WS5 wavelength me­
ter and the wavelength dependence of laser power was accounted for by normalizing 
each spectrum to an offline power scan acquired using a Gentec UP17P-6S-W5 power 
meter. Gas-phase protonated diazine cations were prepared by infusing methanol 
solutions of the neutral precursors into an electrospray ionization source (ESI). The 
gas-phase ions were then guided into the quadrupole ion trap and thermalised in 2.5 
mTorr of helium buffer gas to near ambient temperature. The protonated diazine 
cation m /z was then isolated in the ion trap and the trapped ion population irra­
diated with a single pulse from the OPO laser, scanned out and detected to record 
a photodissociation mass spectrum. From this mass spectrum, the photodissocia­
tion yield was calculated by the ratio HCN loss photoproduct signal to the total 
ion count (TIC). This process was repeated for each wavelength using automated 
control software (LabVIEW). Photodissociation action spectra were constructed by 
plotting the yield of photodissociation against the wavelength of the incident light. 
The wavelength increment was 0.1 nm, ~80 mass spectra (30 seconds of acquisition 
time) were recorded at each wavelength and the PD action spectra reported herein 
are the average of two complete spectra. Pyrazine (>99%), pyrimidine (>98%) and 
pyridazine (98%) were purchased from Sigma Aldrich. The electrospray solvent was 
HPLC grade methanol from Thermo Fisher Scientific. Care was taken to ensure 
that there was no isomeric contamination of the ESI infusion line, the ESI source 
interface and the ion optics.
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5.4 Computational Methods
Electronic structure calculations employed the Gaussian 09(c01) quantum chemistry 
software[24]. Ground and excited electronic state structures and normal modes for 
spectral simulation were determined by optimizing the first and second roots of 
the configuration interaction within the Complete-active-space self-consistent-field 
(CASSCF) method[25-30] using a Dunning-type augmented correlation-consistent 
polarised valence double-^ basis set (aug-cc-pVDZ)[31-33]. The chosen active space 
comprised eight active electrons and seven orbitals: the six valence n orbitals (3 oc­
cupied, 3 unoccupied) and the nitrogen lone pair. Franck-Condon (FC) absorption 
spectra were simulated (using PGOPHER 7.1[34]) from the CASSCF geometries and 
scaled normal mode frequencies (0.947) whereby quanta of excitation were permit­
ted in each ground and excited state normal mode until the spectra were no longer 
noticeably affected. Adiabatic excitation energies were calculated by the MP2-level 
electron correlation correction to the CASSCF energies (CASMP2)[35]. The un­
certainty in experimental adiabatic excitation energies were determined as the full 
width at half maximum (FWHM) of a Gaussian peak fitted to the corresponding 
experimental spectral feature. Unless specified, Mulliken notation is used to label 
normal modes. The CBS-QB3 method[36-43] was used to predict the geometries, 
potential energies and normal modes of stationary points and photodissociation 
products on the ground state potential energy surfaces. All transition states were 
verified by following the reaction pathways through an intrinsic reaction coordinate 
(IRC) calculation.
5.5 Results and Discussion
5.5.1 Ultraviolet photodissociation action spectroscopy
Photodissociation mass spectra were acquired across the photon energy range 35 
000 -  45 000 cm-1 (285 -  220 nm) for each of the protonated diazine cations. Rep­
resentative mass spectra at a single wavelength are presented in Fig. 5.1. In each 
case, the excitation wavelength was chosen to be approximately in the centre of the 
main absorption feature (vide infra). The PD mass spectra for the pyrimidineH+ 
and pyridazineH+ ions (Fig. 5.1a & Fig. 5.1c) were recorded with a wavelength of 
240 nm and for the pyrazineH+ (Fig. 5.1a) PD mass spectrum, 260 nm photons were 
used. The PD mass spectra of pyrimidineH+ (Fig. 5.1a) and pyrazineH+ (Fig. 5.1b) 
both lead to a m /z 54 photoproduct ion that is consistent with the loss of HCN 
(27 Da) as the main photodissociation product. Under the same laser pulse ener­
gies, photodissociation yields are significantly lower for pyridazineH+ (Fig. 5.1c) and
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F ig u r e  5 .1 : Photodissociation mass spectra of a) pyrimidineH+ at A = 240 nm, 
b) pyrazineH+ at A = 260 nm and c) pyridazineH+ at A = 240 nm.
the photoproducts are shown under 10x magnification. Protonated pyridazine also 
photodissociates to produce a m /z 54 photoproduct, however, there is also a photo­
product ion at m /z 53 consistent with the loss of 28 Da. This minor product can be 
attributed to the loss of molecular nitrogen or the loss of ethene, C2H4. Photodisso­
ciation mass spectra like those in Fig. 5.1 were collected at a range of wavelengths 
and compiled into action spectra monitoring the -HCN photoproduct channel. The 
loss of H2, the dominant UV photodissociation channel for N-substituted pyridinium 
cations[3, 5], was not observed at any wavelength.
Photodissociation action spectra acquired across the photon energy range 35 
000 -  45 000 cm-1 (285 -  220 nm) are shown in Figs. 5.2a, b and c for the HCN 
loss channel (m/z 54) of pyrimidineH+, pyrazineH+ and pyridazineH+ cations, re­
spectively. The comparison to simulated stick spectra, and the magnified portions 
of the pyrimidineH+ spectrum, are discussed below. In this wavelength region, each 
spectrum exhibits a single, broad electronic band that is centered around 240 nm in 
the case of pyrimidineH+ (Fig. 5.2a) and pyridazineH+ (Fig. 5.2c) and at 260 nm 
for pyrazineH+ (Fig. 5.2b).
The pyrimidineH+ spectrum (Fig. 5.2a) reveals some vibronic structure. It be­
gins with a gradual onset to a resolved, intense peak centered at 40 730 cm-1 . This 
peak is the first member of a progression with two more resolved peaks occurring 
approximately every +1000 cm-1 . There is also a broad shoulder that is not well re­
solved centered around 43 300 cm-1 . The pyrazineH+ spectrum is shown in Fig. 5.2b 
and shares some characteristics with the pyrimidineH+ spectrum, albeit red-shifted 
by 4090 cm-1 with the first feature at around 36 640 cm-1 . Details within this 
band are less clear than in the pyrimidineH+ case, however, at least three further
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F ig u r e  5 .2 : Ultraviolet photodissociation action spectra recorded across the 35 
000 -  45 000 cm-1 (285 -  220 nm) photon energy range for the a) pyrimidineH+, 
b) pyrazineH+ and c) pyridazine cations.
peaks are apparent. These features occur every +900 cm-1 , the first being sharp 
and the remaining two features are more broad. The pyridazineH+ spectrum in 
Fig. 5.2c is similar to the pyrimidineH+ spectrum (Fig. 5.2a) but with less resolved 
finer structure. The onset for this electronic band is also gradual and encounters 
a shoulder centered at approximately 41 200 cm-1 . The next feature is a broad, 
structureless peak spanning 41 400 -  43 600 cm-1 before the profile becomes flat 
and gradually decreases until the upper limit of the experimental photon energy 
range (45 000 cm-1 /220 nm) is reached. The pyridazineH+ is generally noisier and 
this is attributed to the lower PD yields. To ensure that the absence of vibronic 
detail was not the result of laser power saturation, the power dependence of the PD 
yield was studied at A =  230 nm, revealing a linear, single-photon trend shown in 
Section 5.7.1.
5.5.2 Spectral analysis
To interpret the experimental PD action spectra, the complete-active-space self­
consistent-field (CASSCF) method with the Dunning-type aug-cc-pVDZ basis set 
was employed. This method has recently been used to analyse the main vibronic fea­
tures of azabenzene cations[3, 5]. A single broad electronic band occurring around 
260 nm is a familiar feature in the spectroscopy of six-membered aromatic com­
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pounds including azabenzenes and diazines[44]. This band results from a low-lying 
n* — n transition and guided the choice of active space. For each isomer, an ac­
tive space was constructed that included eight active electrons distributed amongst 
the six valence n orbitals (three occupied, three unoccupied) as well as the non­
bonding (n) lone-pair orbital on the unprotonated nitrogen (protonation constrains 
the lone pair electrons within the covalent N-H bond). Due to missing electron cor­
relation, the CASSCF(8,7) method is expected to predict higher excitation energies 
than those measured. To improve the accuracy of the energy predictions, MP2-level 
electron correlation corrections (CASMP2) were applied to the excitation energies 
reported here. A frequency scaling factor for this method was determined by scaling 
the predicted CASSCF(8,7)/aug-cc-pVDZ frequencies for the inplane u\, u6a and 
u6b (Wilson’s numbering scheme) of ground state pyrazineH+ to the experimentally- 
determined values for pyrazineH+ ions in acidic solution[45]. The average scaling 
factor was 0.947, which reproduces these three frequencies within 1 cm-1 -  the 
worked scaling factor determination is shown in Section 5.7.2.
PyrimidineH+
The CASMP2 model predicts the adiabatic excitation energy for the first singlet 
excited state transition (S1 — So ) of pyrimidineH+ to be 42 492 cm-1 . This value is 
within 4.4% of the energy of the first intense feature in the PD action spectrum (40 
700 ±  300 cm-1 ) shown in Fig. 5.2a and is assigned here as the electronic origin. 
The Franck-Condon absorption spectrum for this S1 So transition was simulated
using the PGOPHER software. The resulting stick spectrum was shifted by -1762 
cm-1 and is shown overlaying the experimental spectrum in Fig. 5.2a. The predicted 
spectrum, like the experimental spectrum, is dominated by four features spaced ap­
proximately 1000 cm-1 apart (the two of these with the highest energy, labelled N 2 
and N 3, are magnified in Figs. 5.2d & 5.2e). These include the adiabatic electronic 
transition (origin) labelled 00 followed by transitions involving vibrational modes 
I s ,  1 6 and u17. These normal modes are all inplane totally-symmetric (a') dis­
placements illustrated schematically in Fig. 5.3a. The predicted frequencies of these 
three vibrations are similar: 955, 938 and 913 cm-1 for ^15, ^16 and ^17, respectively. 
Consequently, they form groups of vibronic combination bands that are very closely 
spaced. The four dominant spectral features are thus assigned as the electronic 
origin and the convolution of one, two and then three quanta of excitation in these 
normal modes. Convolving these groups of bands with Gaussian functions results in 
a relative intensity profile that reproduces that of the experimental spectrum, shown 
in Section 5.7.3. The normal mode frequencies are clearly overpredicted. Although 
the CASSCF model allows for the explanation of spectral features, the experimen­
tal peaks are too broad and congested to satisfactorily assign the frequencies of
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F ig u r e  5 .3 : Schematic representation of the a) pyrimidineH+, b) pyrazineH+ 
and c) pyridazineH+ excited state normal mode displacements responsible for the 
dominant vibronic features.
PyrazineH+
The calculated adiabatic excitation energy for the Si — S 0 transi t ion of pyrazineH+ 
is 38 112 cm-1 . As in the pyrimidineH+ case, this value is similar to the energy of the 
first resolved feature in the experimental spectrum (Fig. 5.2b), occurring at 36 600 
±  300 cm-1 . A difference of 4.1%. The FC absorption spectrum was also simulated 
for this transition and the corresponding stick spectrum is shown in Fig. 5.2b shifted 
by -1472 cm-1 . The predicted spectrum is dominated by two normal-modes, and 
, that are both totally-symmetric (a1) ring deformations (shown in Fig 5.3b). The 
first predicted intense feature is the electronic origin transition (00) assigned at 36 
640 cm-1 , followed by the 91 and 80 transitions occurring at (0-0)+926 cm-1 and (0- 
0)+966 cm-1 with a line strength ratio of ~3:1. The 9  ̂ and 9^80 progressions form 
the remainder of predicted intense vibronic structure as 9  ̂ and 90-180 pairs that 
align well with the dominant features forming this broad electronic band. Beyond 
the first pair, the relative intensities of these pairs are more similar and this is 
a possible explanation for the sharpness of the first of these peaks allowing an 
experimental frequency measurement of ~890 cm-1 for the progression-forming 
mode in the S1 state of pyrazineH+. Finally, the experimental intensity profile is not 
well reproduced by the simulation. This difference is discussed later in the section
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on product formation and can be attributed to the lower energy of this band and 
thus the decreased energy available for isomerization and fragmentation -  leading 
to a greater dependence of PD yield on increasing photon energy.
PyridazineH+
The pyridazineH+ PD action spectrum in Fig. 5.2c exhibits less detail than the 
other two isomers. The predicted CASMP2 adiabatic excitation energy is 42 675 
cm-1 for the Si —- S0 transition. This value is 3.6% greater than the energy of the 
center of the low energy shoulder in the PD action spectrum, 41 200 ±  500 cm-1 . 
The simulated FC absorption spectrum is shown for this transition in Fig. 5.2c. In 
contrast to the other two isomers, the predicted spectrum is not dominated by a 
small number of ring deformations but is congested by many vibronic transitions. 
The absence of features in the experimental band is attributed to the high density 
of transitions with significant line strengths. Two quanta of a progression in ^15 
stand out in the simulation. This is a totally-symmetric (a0) ring deformation and is 
illustrated schematically in Fig. 5.3c. The FC simulation stick spectrum reproduces 
the profile of the experimental spectrum well. However, there is no finer detail from 
which to determine normal mode frequencies. None-the-less, the electronic origin 
for the S1 —- S 0 can be tentatively assigned as 41 200 ±  500 cm-1 .
Discussion
The electronic transitions for pyrimidineH+ and pyrazineH+ exhibit electronic ori­
gins that lie similar in energy to the lowest n* — n transitions of their respective 
neutral species. For neutral pyrimidine this is the 11 B2 state with a measured adi­
abatic excitation energy of 5.2 eV ( 41 940 cm 1 ) [44]. This is similar to 40 700 ±  
300 cm-1 measured here for pyrimidineH+. Likewise, the 11B2u transition in neutral 
pyrazine has an adiabatic excitation energy of 37 840 cm-1 [44] compared to 36 600 
±  300 cm-1 measured here for pyrazineH+. Protonation of these diazine species 
results in a ~1200 cm-1 origin red-shift of the lowest-lying n* — n bands. For 
pyridazineH+, the tentatively assigned origin at 41 200 ±  500 cm-1 is in the vicinity 
where the 11A 1 n* —- n transition would be expected if not symmetry forbidden in 
neutral pyridazine[16]. This transition is symmetry allowed in the lower symmetry 
pyridazineH+.
5.5.3 Energetics of HCN and H2 Loss
From the results in Fig. 5.1, the loss of 27 Da (likely as HCN) is the dominant 
fragmentation channel for all isomers. The loss of molecular hydrogen (H2) is not
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observed. To provide some insight into this process, the ground-state potential en­
ergy schemes were constructed at the CBS-QB3 level for both of these fragmentation 
channels in pyrimidineH+ and pyrazineH+. Due to the vibronically-structured elec­
tronic bands, the excited states are likely to be bound and dissociation likely occurs 
following internal conversion (IC) to the ground electronic state. Because care was 
taken to operate in a laser power range that minimized multiphoton fragmentation, 
the minimum amount of energy assumed to be available to the ground electronic 
state for dissociation is that of the first intense feature in the electronic spectra, the 
(0-0) transition.
Photodissociation by HCN loss
Figure 5.4: Ground state CBS-QB3 potential energy scheme for the -HCN dis­
sociation of a) pyrimidineH+ and b) pyrazineH+. In each case, the experimental 
adiabatic excitation energy, which is assumed to be the minimum available for 
photodissociation, is shown on the y-axis.
The minimum energy available for dissociation of pyrimidineH+ , within this 
model, is 116 kcal.mol-1 (40 730 cm-1). To construct a scheme for the -HCN dis­
sociation of pyrimidineH+, the enthalpies and key barriers for the formation of all 
chemically sensible C4NH^ isomers were first calculated. Based on these exploratory
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calculations, the formation of acrylonitrileH+ and cyclopropenimineH+ are likely 
products of single-photon photodissociation, and transition states and intermedi­
ates were located for these two pathways, shown in Fig. 5.4a. Energies listed are 
relative to that of the pyrimidineH+ precursor ion, which is shown in the centre of 
the scheme. The formation of cyclopropenimineH+, P 1 , from pyrimidineH+ encoun­
ters a 113 kcal.mol-1 barrier for 6,1-H atom migration to form a cyclic species 98 
kcal.mol-1 higher in energy than the global minimum (IN T 1 ). From here, the 
forward pathway then surmounts a 6 kcal.mol-1 barrier to form a ring-opened 
species lying 81 kcal.mol-1 above the global minimum (IN T 2 ). Dissociation to 
form cyclopropenimineH+ (P 1 ) from this ring-opened isomer has a forward barrier 
of 11 kcal.mol-1 . The enthalpy of this reaction is 63 kcal.mol-1 . Alternatively, 
the formation of acrylonitrileH+ and HCN (P 2 ), with a reaction enthalpy of 56 
kcal.mol-1 , proceeds via two H atom migrations followed by dissociation. The first 
H-atom transfer has a forward barrier of 90 kcal.mol-1 . The second H-atom transfer 
transition state is the highest energy structure located in this scheme and sits at 
103 kcal.mol-1 relative to pyrimidineH+.
The spectrum of pyrazineH+ is red-shifted from that of pyrmidineH+ and 105 
kcal.mol-1 is available for isomerization and dissociation. Two mechanisms were 
explored for this process and the calculated potential energy scheme is shown in 
Fig. 5.4b. The first is similar to that proposed by Keifer for neutral pyrazine[9], 
involving a 2,6-H atom migration step followed by a concerted ring-opening and 
dissociation step to form methyleneethynamineH+ and HCN P 3 . The CBS-QB3 
potential energy scheme for this process in protonated pyrazine is shown in Fig. 5.4b. 
Within this model, the 2,6-H atom migration proceeds in two steps with the highest 
energy transition state at 132 kcal.mol-1 relative to pyrazineH+. This pathway 
leads to the products (P 3 ) that are 79 kcal.mol-1 relative to the precursor ion. The 
132 kcal.mol-1 transition state is greater than the minimum photon energy (> 105 
kcal.mol-1) and is not a likely pathway to explain the observed photoproducts.
The second pathway explored is similar to that proposed by Sevy et al.[9], 
where photodissociation is preceded by the formation of a bicyclic valence isomer 
(IN T 8 ). An analog for this reaction in neutral pyridine that leads to the loss of 
HCN is also known[46]. The calculated potential energy scheme for this process is 
presented in Fig. 5.4b. The bicyclic isomer is stable, lying 66 kcal.mol-1 above the 
global minimum with a reverse barrier of 25 kcal.mol-1 and a forward barrier to 
dissociation of 38 kcal.mol-1 . The formation of photoproducts, HCN and azeteH+ 
(P 4 ), is 90 kcal.mol 1 in energy above the global minimum and has an exit channel 
reverse barrier height of 14 kcal.mol-1 . This minimum energy pathway has an 
maximum barrier of 104 kcal.mol-1 , therefore the energy available from the pure 
electronic transition (105 kcal.mol-1 ) is just enough to dissociate the ion whereas
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the adiabatic excitation energy for pyrimidineH+, within this model, is 13 kcal.mol-1 
greater than the lowest overall barrier to HCN formation. This may lead to a greater 
dependence of PD yield on wavelength and offers a possible explanation why the 
relative intensity profile of the pyrimidineH+ PD action spectrum is reproduced well 
by the FC absorption spectrum simulation while the pyrazineH+ spectrum is not.
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F ig u r e  5 .5 : Ground state CBS-QB3 potential energy scheme for the -H2 disso­
ciation of a) pyrimidineH+ and b) pyrazineH+.
The unobserved H2 loss channel, that is seen in the ultraviolet photodissociation 
of other protonated and N-substituted pyridine derivative cations, was also calcu­
lated. A mechanism similar to that suggested for the H2 loss channel in neutral 
benzene[47], neutral azulene[48] and protonated pyridine[3] was also explored for 
pyrazineH+ and pyrimidineH+. This mechanism involves a 1,2-H atom migration 
followed by a 1,1-H2 elimination.
PyrimidineH+ has two unique pathways for H atom migration starting from 
the protonated nitrogen -  these are both shown in Fig. 5.5a. One pathway has a 
maximum transition state at 90 kcal.mol-1 and a reaction enthalpy to products at 
83 kcal.mol-1 , relative to pyrimidineH+. An alternative pathway, also involving an
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initial a 1,2-H atom migration can lead to a H2 elimination pathway at 84 kcal.mol-1 . 
PyrazineH+ is similar, although its higher symmetry (C2v) allows only a single H2- 
loss pathway, shown in Fig. 5.5b. The maximum transition state barrier for this 
process, within the CBS-QB3 method, is 86 kcal.mol-1 and the enthalpy for the 
overall reaction is 80 kcal.mol-1 . In both cases, these pathways are attainable within 
the experimental photon range, and appear energetically more favourable than the 
-HCN pathways that have been located here. However, in our experiments, H2 loss 
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F ig u r e  5 .6 : Ground state CBS-QB3 enthalpies for the dissociation of
pyridazineH+ through H2 loss and HCN loss.
The interaction between the nitrogen atoms in pyridazineH+ should be strong 
and contribute to the localization of electron density. Reactions that disrupt this 
bond will thus liberate a relatively large amount of energy. Complete potential en­
ergy schemes were not located for the pyridazineH+ cation, but product enthalpies 
were calculated for the loss of H2 and for the loss of HCN to form acrylonitrileH+, 
shown in Fig. 5.6. The formation of acrylonitrile can sensibly be formed through se­
quential H-atom transfers, followed by ring-opening and dissociation, similarly to the 
formation of P2 from pyrimidineH+ (Fig. 5.4a). The loss of H2 from pyridazineH+ 
has an enthalpy of 99 kcal.mol-1 , which is similar to the other two isomers. How­
ever, the formation of the ring-opened, HCN-loss product is much less endothermic 
and lies at 38 kcal.mol-1 relative to pyridazineH+. These enthalpies are both con­
siderably lower than the photon energy of the electronic origin (40 700 cm-1 '  116 
kcal.mol-1). However, as for the other two isomers, the absence of any H2-loss pho­
toproduct suggests that product formation is mediated by other factors that will 
not necessarily be revealed by a potential energy scheme.
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Discussion
Given that the loss of molecular hydrogen, H2, is a lower energy pathway com­
pared to the HCN-loss pathways, it is interesting that this is an unobserved product 
channel in the UV photodissociation of protonated diazines. Furthermore, the HCN- 
loss pathways involve extensive isomerization and ring-opening. Other studies have 
noted that statistical ground-state calculations over predict the formation of H2 for 
similar species.[47, 48] It has been suggested that dynamical calculations may be 
required to reproduce experimental results[48]. We attribute the exclusivity of HCN 
loss to dynamical factors that ’channel’ the systems towards the HCN-loss photo­
product pathways. These processes are probably mediated by internal conversion, 
which is often governed by in-plane skeletal bending modes in aromatic species. 
Such modes are likely to be the most active immediately following IC, leading to 
displacements the elongate ring bonds and facilitate ring-opening or that deform the 
ring towards valence isomerization. For example, the u6a and u6b modes (Wilson’s 
numbering scheme) displace the molecule towards the Dewar benzene valence iso­
mer, which is an intermediate in the proposed dissociation of pyrazineH+. However, 
it is also possible that lower energy pathways leading to HCN loss were not located.
5.6 Conclusion
Photodissociation action spectroscopy has been used to study pyrimidineH+, 
pyrazineH+ and pyridazineH+ across the 35 000 -  45 000 cm-1 (285 -  220 nm) pho­
ton energy range. Each spectrum exhibited a single broad electronic band with some 
level of vibronic detail. The PD action spectra were satisfactorily reproduced using 
a CASSCF(8,7)/aug-cc-pVDZ model, allowing the intense features of each spectrum 
to be rationalized. The position and relative intensities of the simulated spectral fea­
tures followed those in the experimental spectra for the cases of pyrimidineH+ and 
pyridazineH+, whereas the relative intensity profile of the pyrazineH+ spectrum was 
not well-reproduced by the CASSCF model. This is attributed to a greater wave­
length dependence of photodissociation for pyrazineH+ afforded by the red-shift of 
its PD action spectrum and consequently the reduced amount of energy available for 
rearrangement and dissociation. Adiabatic excitation energies were measured and 
electronic origins assigned at 40 700 ±  300, 36 600 ±  300 and 41 200 ±  500 cm-1 
for pyrimidineH+, pyrazineH+ and pyridazineH+, respectively. The normal mode 
of S1 pyrazineH+ was experimentally determined to be approximately 890 cm-1 . 
For the cases of pyrimidineH+ and pyrazineH+, where the neutral spectra are well- 
characterized, protonation red-shifts the origin bands by 1200 cm-1 . The dominant 
photofragmentation channel was the loss of HCN for all isomers with a minor 28
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Da loss channel for pyridazineH+. There was no evidence for the loss of molecular 
hydrogen (H2) in any case. Potential energy schemes were constructed for the HCN 
and H2-loss channels of pyrimidineH+ and pyrazineH+ using the CBS-QB3 method, 
but did not reveal an energetic reason for the favoured loss of HCN or the complete 
absence of H2 loss. It is concluded that protonating a diazine molecule that readily 
dissociates via HCN loss does not enable an efficient -H2 channel or, as a corollary, 
incorporating an aryl nitrogen into a protonated derivative opens up an exclusive 
-HCN channel that turns off H2 loss.
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5.7 Supporting Information
5.7.1 PyridazineH+ photodissociation power dependence
F ig u r e  5 .7 : Power dependence of the pyridazineH+ HCN-loss photoproduct at 
A = 230 nm.
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5.7.2 Determination of frequency scaling factor
T a b le  5 .1 : Determination of the CASSCF(8,7)/aug-cc-pVDZ frequency scaling 
factor -  described in the main text.





V6 a 606 639 0.948
V%b 688 727 0.946
Vl 1020 1077 0.947
Average: 0.947
5.7.3 Simulated pyrimidineH+ FC absorption spectrum 
convolved with Gaussian peaks
W a ve le n g th  /  nm
2 8 0  2 7 0  2 6 0  2 5 0  2 4 0  2 3 0  2 2 0
W a v e n u m b e r /  cm "
F ig u r e  5 .8 : Simulated pyrimidineH+ FC absorption line spectrum convolved 
with 500 cm-1 Gaussian peaks shown overlaying the experimental HCN-loss PD 
action spectrum.
Chapter 5. PyrimidineH+, PyrazineH+ and PyridazineH+. 1 5
5.8 References for Chapter 5
(1) R. H. Linnell and W. A. Noyes, “Photochemical Studies. XLIV. Pyridine and 
Mixtures of Acetone and Pyridine” , J. Am. Chem. Soc., 1951, 73, 3986-3988.
(2) D. Price and E. Ratajczak, “Detection of a transient after flash photolysis 
of the aromatic molecules CeX6(X =  H, D, F) and C5Y 5N (Y =  H, F) in the 
gas phase” , Chem. Commun., 1976, 5, 902-903.
(3) C. S. Hansen, S. J. Blanksby, N. Chalyavi, E. J. Bieske, J. R. Reimers, 
and A. J. Trevitt, “Ultraviolet photodissociation action spectroscopy of the 
N-pyridinium cation” , J. Chem. Phys., 2015, 142, 014301.
(4) B. Freiser and J. Beauchamp, “Acid-Base Properties of Molecules in Excited 
Electronic States Utilizing Ion-Cyclotron Resonance Spectroscopy” , J. Am. 
Chem. Soc., 1977, 99, 3214-3225.
(5) C. S. Hansen, B. B. Kirk, S. J. Blanksby, and A. J. Trevitt, “Ultraviolet 
Photodissociation of the N-Methylpyridinium Ion: Action Spectroscopy and 
Product Characterization” , J. Phys. Chem. A, 2013, 117, 10839-10846.
(6) C. Watson, G. Baykut, Z. Mowafy, A. Katritzky, and J. Eyler, “Photodissoci­
ation and Collisionally Activated Dissociation Studies of N -Alkylpyridinium 
Cations Formed by Laser Desorption” , Anal. Instrum., 1988, 17, 155-172.
(7) J. D. Chesko, D. Stranges, A. G. Suits, and Y. T. Lee, “Pyrazine: Supercol­
lisions or simple reactions?” , J. Chem. Phys., 1995, 103, 6290.
(8) C. A. Michaels, H. C. Tapalian, Z. Lin, E. T. Sevy, and G. W. Flynn, “Super­
collisions, photofragmentation and energy transfer in mixtures of pyrazine 
and carbon dioxide” , Faraday Discuss., 1995, 102, 405-422.
(9) E. T. Sevy, M. A. Muyskens, S. M. Rubin, G. W. Flynn, and J. T. 
Muckerman, “Competition between photochemistry and energy transfer in 
ultraviolet-excited diazabenzenes. I. Photofragmentation studies of pyrazine 
at 248 nm and 266 nm” , J. Chem. Phys., 2000, 112, 5829-5843.
(10) E. T. Sevy, C. A. Michaels, H. C. Tapalian, and G. W. Flynn, “Competi­
tion between photochemistry and energy transfer in ultraviolet-excited diaz- 
abenzenes. II. Identifying the dominant energy donor for supercollisions” , J. 
Chem. Phys., 2000, 112, 5844-5851.
(11) E. T. Sevy, M. A. Muyskens, Z. Lin, and G. W. Flynn, “Competition be­
tween Photochemistry and Energy Transfer in Ultraviolet-Excited Diazaben- 
zenes. 3. Photofragmentation and Collisional Quenching in Mixtures of 2- 
Methylpyrazine and Carbon Dioxide” , J. Phys. Chem. A, 2000, 104, 10538­
10544.
Chapter 5. PyrimidineH+, PyrazineH+ and PyridazineH+. 1 6
(12) M.-F. Lin, Y. A. Dyakov, C.-M. Tseng, A. M. Mebel, S. H. Lin, Y. T. Lee, 
and C.-K. Ni, “Photodissociation dynamics of pyrimidine” , J. Chem. Phys., 
2006, 124, 084303.
(13) J. R. Fraser, L. H. Low, and N. A. Weir, “Photolysis of Pyridazine in the 
Gas Phase” , Can. J. Chem., 1975, 53, 1456-1460.
(14) G. Fischer, Z.-L. Cai, J. R. Reimers, and P. Wormell, “Singlet and Triplet 
Valence Excited States of Pyrimidine” , J. Phys. Chem. A, 2003, 107, 3093­
3106.
(15) G. Fischer, “An analysis of vibronic coupling in the triplet absorption spec­
trum of pyrazine” , Can. J. Chem., 1993, 71, 1537-1547.
(16) G. Fischer and P. Wormell, “Vibronic analyses of the lowest singlet-singlet 
and singlet-triplet band systems of pyridazine” , Chem. Phys., 2000, 257, 1­
20.
(17) A. V. Bochenkova and L. H. Andersen, “Ultrafast dual photoresponse of iso­
lated biological chromophores: link to the photoinduced mode-specific non­
adiabatic dynamics in proteins” , Faraday Discuss., 2013, 163, 297-319.
(18) D. Picconi, F. J. Avila Ferrer, R. Improta, A. Lami, and F. Santoro, 
“Quantum-classical effective-modes dynamics of the nn* !  nn* decay in 
9H-adenine. A quadratic vibronic coupling model” , Faraday Discuss., 2013, 
163, 223-242.
(19) G. M. Roberts, C. A. Williams, H. Yu, A. S. Chatterley, J. D. Young, S. Ull­
rich, and V. G. Stavros, “Probing ultrafast dynamics in photoexcited pyrrole: 
timescales for lna* mediated H-atom elimination” , Faraday Discuss., 2013, 
163, 95-116.
(20) T. Gustavsson, R. Improta, and D. Markovitsi, “DNA/RNA: Building Blocks 
of Life Under UV Irradiation” , J. Phys. Chem. Lett., 2010, 1, 2025-2030.
(21) D. Murdock, S. J. Harris, T. N. V. Karsili, G. M. Greetham, I. P. Clark, 
M. Towrie, A. J. Orr-Ewing, and M. N. R. Ashfold, “Photofragmentation 
Dynamics in Solution Probed by Transient IR Absorption Spectroscopy: a*- 
Mediated Bond Cleavage in p-Methylthiophenol and p-Methylthioanisole” , 
J. Phys. Chem. Lett, 2012, 3, 3715-3720.
(22) J. R. Reimers and Z.-L. Cai, “Hydrogen bonding and reactivity of water to 
azines in their Si (n — — * ) e le ct ro ni c excited states in the gas phase and in 
solution” , Phys. Chem. Chem. Phys., 2012, 14, 8791-8802.
Chapter 5. PyrimidineH+, PyrazineH+ and PyridazineH+. 1 7
(23) C. S. Hansen, B. B. Kirk, S. J. Blanksby, R. A. J. O ’Hair, and A. J. Trevitt, 
“UV Photodissociation Action Spectroscopy of Haloanilinium Ions in a Lin­
ear Quadrupole Ion Trap Mass Spectrometer” , J. Am. Soc. Mass Spectrom., 
2013, 24, 932-940.
(24) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, 
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, 
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, 
G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, 
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. 
Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. 
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, 
V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, 
A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and
D. J. Fox, Gaussian^ 09 Revision D.01, Gaussian Inc. Wallingford CT.
(25) N. Yamamoto, T. Vreven, M. Robb, M. Frisch, and H. Schlegel, “A direct 
derivative MC-SCF procedure” , Chem. Phys. Lett., 1996, 250, 373-378.
(26) M. Frisch, I. Ragazos, M. Robb, and H. Schlegel, “An Evaluation of 3 Direct 
MC-SCF Procedures” , Chem. Phys. Lett., 1992, 189, 524-528.
(27) F. Bernardi, A. Bottoni, J. McDouall, M. Robb, and H. Schlegel, “MCSCF 
Gradient Calculation of Transition Structures in Organic-Reactions” , Far. 
Symp. Chem. Soc, 1984, 19, 137-147.
(28) H. Schlegel and M. Robb, “MC SCF Gradient Optimization of the H2CO !  
H2 +  CO Transition Structure” , Chem. Phys. Lett., 1982, 93, 43-46.
(29) R. Eade and M. Robb, “Direct Minimization in MC SCF Theory -  The 
Quasi-Newton Method” , Chem. Phys. Lett., 1981, 83, 362-368.
(30) D. Hegarty and M. Robb, “Application of Unitary Group-Methods to 
Configuration-Interaction Calculations” , Mol. Phys., 1979, 38, 1795-1812.
(31) T. Dunning, “Gaussian-Basis Sets for use in Correlated Molecular Calcula­
tions. 1. The Atoms Boron Through Neon and Hydrogen” , J. Chem. Phys., 
1989, 90, 1007-1023.
(32) D. Woon and T. Dunning, “Gaussian-Basis Sets for use in Correlated Molecu­
lar Calculations. 3. The Atoms Aluminium Through Argon” , J. Chem. Phys., 
1993, 98, 1358-1371.
Chapter 5. PyrimidineH+, PyrazineH+ and PyridazineH+. 1 8
(33) R. Kendall, T. Dunning, and R. Harrison, “Electron-Affinities of the lst-Row 
Atoms Revisited -  Systematic Basis-Sets and Wave-Functions” , J. Chem. 
Phys, 1992, 96, 6796-6806.
(34) PGOPHER, a Program for Simulating Rotational Structure, C. M. Western, 
University of Bristol, http://pgopher.chm.bris.ac.uk, 2010.
(35) J. J. McDouall, K. Peasley, and M. A. Robb, “A simple MC SCF perturba­
tion theory: Orthogonal valence bond Moller-Plesset 2 (OVB MP2)” , Chem. 
Phys. Lett., 1988, 148, 183-189.
(36) J. Montgomery, M. Frisch, J. Ochterski, and G. Petersson, “A complete 
basis set model chemistry. VII. Use of the minimum population localization 
method” , J. Chem. Phys., 2000, 112, 6532-6542.
(37) J. Montgomery, M. Frisch, J. Ochterski, and G. Petersson, “A complete basis 
set model chemistry. VI. Use of density functional geometries and frequen­
cies” , J. Chem. Phys., 1999, 110, 2822-2827.
(38) J. Ochterski, G. Petersson, and J. Montgomery, “A complete basis set model 
chemistry. 5. Extensions to six or more heavy atoms” , J. Chem. Phys., 1996, 
104, 2598-2619.
(39) J. Montgomery, J. Ochterski, and G. Petersson, “A Complete basis set model 
chemistry. 4. An improved atomic pair natural orbital method” , J. Chem. 
Phys., 1994, 101, 5900-5909.
(40) G. Petersson and M. Allaham, “A complete basis set model chemistry. 2. 
Open-shell systems and the total energies of the 1st-row atoms” , J. Chem. 
Phys, 1991, 94, 6081-6090.
(41) G. Petersson, T. Tensfeldt, and J. Montgomery, “A complete basis set model 
chemistry. 3. The complete basis set-quadratic configuration-interaction fam­
ily of methods” , J. Chem. Phys., 1991, 94, 6091-6101.
(42) G. Petersson, A. Bennett, T. Tensfeldt, M. Allaham, W. Shirley, and J. 
Mantzaris, “A complete basis set model chemistry. 1. The total energies of 
closed-shell atoms and hydrides of the 1st-row elements” , J. Chem. Phys., 
1988, 89, 2193-2218.
(43) M. Nyden and G. Petersson, “Complete basis set correlation energies. 1. The 
asymptotic convergence of pair natural orbital expansions” , J. Chem. Phys., 
1981, 75, 1843-1862.
(44) K. Innes, I. Ross, and W. Moomaw, “Electronic States of Azabenzenes and 
Azanaphthalenes - A Revised and Extended Critical Review” , J. Mol. Spec., 
1988, 132, 492-544.
Chapter 5. PyrimidineH+, PyrazineH+ and PyridazineH+. 1 9
(45) A. Brolo and D. Irish, “Raman Spectral Studies of Aqueous Acidic Pyrazine 
Solutions” , Z. Naturforsch., 1995, 50 , 274-282.
(46) M.-F. Lin, Y. A. Dyakov, C.-M. Tseng, A. M. Mebel, S. Hsien Lin, Y. T. Lee, 
and C.-K. Ni, “Photodissociation dynamics of pyridine” , J. Chem. Phys., 
2005, 123 , 054309.
(47) V. Kislov, T. Nguyen, A. Mebel, S. Lin, and S. Smith, “Photodissociation 
of benzene under collision-free conditions: An ab initio/Rice-Ramsperger- 
Kassel-Marcus study” , J. Chem. Phys., 2004, 120 , 7008-7017.
(48) Y. A. Dyakov, C.-K. Ni, S. H. Lin, Y. T. Lee, and A. M. Mebel, “Ab initio and 
RRKM study of photodissociation of azulene cation” , Phys. Chem. Chem. 
Phys, 2006, 8 , 1404-1415.
Chapter 6
QuinolineH+ and IsoquinolineH+
The chapter explores the electronic spectroscopy and ultraviolet multiphoton pho­
todissociation of protonated quinoline and isoquinoline. It has been published in its 
current form as the following peer-reviewed publication:
Christopher S. Hansen, Stephen J. Blanksby and Adam J. Trevitt, Ultraviolet pho­
todissociation action spectroscopy of gas-phase protonated quinoline and isoquino­
line cations, Phys. Chem. Chem. Phys., accepted invited article. DOI:10.1039/C5CP02035B 
(2015)
Reproduced as Appendix D 
Author contributions
Christopher S. Hansen performed all of the experiments and analysis. Christopher 
S. Hansen prepared the manuscript with input from Stephen J. Blanksby and Adam 
J. Trevitt.
Certification
I, Assoc. Prof. Adam J. Trevitt, as Christopher S. Hansen’s primary supervisor 
and the principal investigator on this project, agree with and certify the author 
contributions described above.




Chapter 6. QuinolineH+ and IsoquinolineH+ 181
6.1 Abstract
The gas-phase photodissociation action spectroscopy of protonated quinoline and 
isoquinoline cations (quinolineH+ and isoquinolineH+) is investigated at ambient 
temperature. Both isomers exhibit vibronic detail and wavelength-dependent pho­
toproduct partitioning across two broad bands in the ultraviolet. Photodissociation 
action spectra are reported spanning 370 -  285 nm and 250 -  220 nm and analysed 
with the aid of electronic structure calculations: TD-DFT (CAM-B3LYP/aug-cc- 
pVDZ) is used for spectra simulations and CBS-QB3 for dissociation enthalpies. It 
is shown that the action spectra are afforded predominantly by two-photon exci­
tation. The first band is attributed to both the Si —- S 0 an d S2 —- S0 ele ct ronic 
transitions in quinolineH+, with a S1 —- S 0 e l e c t ronic origin assigned at 27 900 cm-1 . 
For isoquinolineH+ the S1 —- S 0 t r an s ition is observed with an assigned electronic 
origin at 27 500 cm-1 . A separate higher energy band is observed for both species, 
corresponding to the S3 —- S 0 t rans ition, with origins assigned at 42 100 cm-1 and 42 
500 cm-1 for quinolineH+ and isoquinolineH+, respectively. Franck-Condon absorp­
tion simulations provide an explanation for some vibrational structure observed in 
both bands allowing several normal mode assignments. The nature of the electronic 
transitions is discussed and it is shown that the excited states active in the reported 
spectra should be of nn* character with some degree of charge transfer from the 
homocycle to the heterocycle.
6.2 Introduction
Interest in the photochemistry and spectroscopy of polycyclic aromatic nitrogen 
heterocycles (PANHs) arises in many areas including their purported presence in 
interstellar media through to their activity in functional materials. There is signifi­
cant discussion around the proposed role of nitrogen heterocycles in interstellar and 
extraterrestrial environments. It has been long postulated that polycyclic aromatic 
hydrocarbons (PAHs) may be responsible for unassigned features (the diffuse inter­
stellar bands, DIBs) in the emission spectrum of the interstellar medium (ISM)[1] 
and it has been suggested that these bands could indicate the presence of nitro­
gen heterocycles[2]. Small polycyclic aromatic nitrogen heterocycles (PANHs) like 
quinoline readily dissociate under exposure to interstellar radiation[3] and there 
is thus an interest in their photochemistry as they produce reactive photoprod­
ucts that may contribute to the composition of the ISM. Furthermore, quinoline 
and isoquinoline have been detected on meteorites[4, 5], may exist in the atmo­
sphere of Titan[6] and could be involved in the chemical origin of life[7]. Back on 
Earth, PANHs have been incorporated into functional materials such as organic
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photovoltaics[8, 9], where there is a clear need to understand their photochemistry 
and spectroscopy. Ultimately, there is fundamental interest in the electronic spec­
troscopy of protonated polycyclic aromatic compounds due to their often observed 
charge-transfer character[10, 11]. Quinoline and isoquinoline are shown as their pro­
tonated cations, quinolineH+ and isoquinolineH+, in Chart 6.1. A significant body 
of knowledge exists for the electronic spectroscopy of neutral quinolines[12-14], the 
quinoline radical cations[15], and protonated methylquinolines[16]. However, the 
electronic spectroscopy of isolated protonated quinolines is less reported on.
H+
*1 \ || ^NH+
quinolineH+ isoquinolineH+
C h a r t  6 .1 : Structures of quinolineH+ and isoquinolineH+.
This manuscript reports the electronic photodissociation action spectroscopy of 
quinolineH+ and isoquinolineH+ in the gas-phase. Two broad bands exhibiting some 
vibronic structure are observed in the ultraviolet. One band spans the region 370 -  
285 nm, primarily from the loss of 27 Da (consistent with HCN) and the other band 
spans 250 -  220 nm and results mostly from the phenylium cation photoproduct (m/z 
77). Photoproduct energy calculations also show that, for the most part, at least two 
photon excitation is required for dissociation of both ions. Time dependent-density 
functional theory (TD-DFT) calculations assist in the interpretation of these spectra 
and the features are assigned to the Si —- S 0, S2 —- S0 an d S 3 —- S 0 in qui nolineH+ 
and S1 — S 0 an d S3 —- S 0 i n i s oquinolineH+. The electron density differences, as
predicted by the TD-DFT calculations, suggests all bands are of nn* character with 
some evidence for charge transfer from the homocycle to the heterocycle. The laser- 
power dependence of the photodissociation yield suggests that photodissociation 
occurs following the absorption of two photons with tentative evidence for a minor 
single-photon process at higher energies.
6.3 Methods
6.3.1 Experimental
The instrumentation and method are described in detail elsewhere[17] and a brief 
overview is provided here. Photodissociation action spectroscopy experiments were 
performed using a linear quadrupole ion trap (QIT) mass spectrometer (Thermo 
Fisher Scientific LTQ) coupled to a tunable laser system. This laser system com­
prised a midband optical parametric oscillator (OPO) (GWU-Lasertechnik flexiS-
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can) that was pumped by the third harmonic (355 nm) of a 10 Hz, ~5 ns pulsewidth 
Nd:YAG laser (Spectra-Physics QuantaRay INDI). This OPO setup is supplied with 
a frequency conversion unit (GWU-Lasertechnik uvScan) in which ultraviolet light 
was generated. For the wavelength range 340 -  220 nm, The OPO signal output 
(visible) was frequency-doubled (second harmonic generation (SHG)). For wave­
lengths near to the pump photon energy (355 nm), and thus on resonance with 
the OPO cavity, ultraviolet photons were generated through sum-frequency gener­
ation (SFG) using the OPO signal output and the residual light of the Nd:YAG 
fundamental harmonic (1064 nm). This SFG output was then frequency-doubled to 
generate ultraviolet photons in the wavelength range 370 -  320 nm and allowing for 
20 nm of overlap between the two harmonic generation methods. Approximately 
1 mJ (10 mW @ 10 Hz) of energy was available per SHG pulse and 4-8 mJ per 
SFG pulse. The PD action spectra are normalised to laser power measured using 
a Gentec UP17P-6S-W5 power meter. Calibration of the OPO wavelength used 
a fibre optic pickoff placed before the frequency conversion unit and coupled to a 
wavelength meter (Toptica HighFinesse WS5). For power dependence studies, the 
laser power was attenuated using ultraviolet (UV) neutral density filters (Thorlabs 
NUK01).
Methanolic solutions (10 p.M) of quinoline/isoquinoline were introduced into the 
mass spectrometer by electrospray ionisation (ESI) to generate the gas-phase pro- 
tonated cations. These cations were transferred into the ion trap, where they are 
mass-selected and stored. It is expected that the trapped ions become thermalised 
to near-ambient temperature from collisions with the helium buffer gas (2.5x10-3 
Torr)[18]. Once the target m /z ion population is isolated and stored in the ion trap, 
a single pulse from the OPO system irradiates the ion cloud along the principle axis. 
The QIT is then scanned out and a photodissociation mass spectrum is recorded 
containing photoproduct ion and remaining precursor ion peaks. A photodissoci­
ation yield is calculated as the ratio of the photoproduct peak (or peaks) area to 
the total ion count (TIC). The OPO is then configured to the next wavelength (AA 
=  0.1 nm) and the process repeated. The photoproduct yield is plotted as a func­
tion of wavelength to construct the photodissociation action spectrum. The entire 
process is automated using control software (National Instruments LabVIEW). The 
PD action spectra reported here are the average of two complete spectra using a 
wavelength step size of 0.1 nm with ~80 mass spectra (30 s of acquisition time) av­
eraged at each wavelength. Because isobaric ions were investigated, care was taken 
to ensure that there was no isomeric contamination of the ESI infusion line, the ESI 
source interface and the ion optics.
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6.3.2 Computational
The Gaussian 09 software suite was used for all of the electronic structure cal­
culations^ ] . TD-DFT[20-26] calculations used the CAM-B3LYP functional[27] 
and the augmented correlation-consistent polarised double-^ (aug-cc-PVDZ) basis 
set[28-30]. CAM-B3LYP with a double-^ basis set has been shown to be a high- 
performing functional for vibronic calculations[31, 32]. Franck-Condon absorption 
spectra were simulated from the unscaled DFT/TD-DFT normal modes and op­
timised structures using PGOPHER 7.1 [33]. Normal modes reported herein are 
labelled using Mulliken notation. Within each isomer and electronic state, the vi­
brational modes are grouped by symmetry species and numbered according to their 
decreasing frequency in ground state quinolineH+. Product energies were calculated 
using the CBS-QB3 complete basis set method[34-41], values are reported as the 
zero-point energy (ZPE)-corrected CBS-QB3 electronic energies.
6.4 Results and Discussion
6.4.1 Photodissociation Action Spectroscopy
As will be shown, photodissociation was observed for quinolineH+ and 
isoquinolineH+ across two different ultraviolet wavelength regions with different PD 
channels and photoproduct branching fractions. Both species exhibited a low energy 
band between 370 -  285 nm (27 000 -  35 000 cm-1) and the high energy band be­
tween 250 -  220 nm (40 000 -  45 500 cm-1 ). Firstly, photodissociation mass spectra 
are shown for each band in Fig. 6.1. Fig. 6.1a shows the photoproducts formed 
when a mass-selected, trapped population of quinolineH+ cations (m/z 130) is irra­
diated with a 340 nm laser pulse (i.e. within the low energy band). The dominant 
photoproduct occurs at m/z 103 and is consistent with the loss of HCN. HCN is 
a stable, closed-shell neutral species and a familiar coproduct in the photodissoci­
ation of nitrogen heterocycles[42-46]. The ion at m/z 128 can be rationalised by 
the loss of molecular hydrogen (H2). This channel has also been characterised for 
monocyclic, protonated nitrogen heterocycles and, in those cases, results in a hyper- 
conjugated hetaryne cation[47, 48]. Finally, there is a minor photoproduct cation 
peak visible only under magnification at m/z 77. This is assigned to the formation 
of the phenylium cation and is consistent with the neutral loss of C3H3N, which 
could result from the concerted or sequential loss of HCN and acetylene (HCCH), 
or from the loss of C3H3N as cyclic azete (cyclobutadiene analogue) or linear acry­
lonitrile (cyanoethylene). The energetics of these photofragmentation pathways are 
discussed later (section 6.4.4) and reveal that, in this energy range, at least two 
photons are required to surmount the product energies. So the dissociation events
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F ig u r e  6 .1 : Photodissociation mass spectra of (a) quinolineH+ at A=340 
nm, (b) isoquinolineH+ at A=340 nm, (c) quinolineH+ at A=230 nm and (d) 
isoquinolineH+ at A=230 nm. Black diamonds indicate the addition of water to 
the m/z 77 photoproduct.
reported here are almost all afforded by multi-photon dissociation. Laser power 
dependence experiments are also reported in section 6.4.4. Clear vibronically re­
solved two-photon photofragmentation spectra of the protonated indole cation were 
recently reported by Jouvet and coworkers[49]. Fig. 6.1b presents the low energy 
band PD mass spectrum acquired also at A =  340 nm for the isoquinolineH+ iso­
mer. The photodissociation yields appear slightly lower in the isoquinolineH+ case, 
however, the photoproduct m/z and partitioning are generally unchanged between 
the isomers.
High energy band PD mass spectra are shown for A =  230 nm for quinolineH+ 
and isoquinolineH+ in Figs. 6.1c and 6.1d, respectively. As for the above case, the 
photoproduct identities and branching fractions are very similar for both isomers 
but the yields appear smaller in the isoquinolineH+ case. Across this wavelength 
range, the dominant charged photoproduct occurs at m /z 77. This photoproduct is 
reactive toward background water (H2O) in the ion-trap and yields an adduct ion at 
m /z 95, indicated with a black diamond in Figs. 6.1c and 6.1d. The abundance of
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this m /z 95 ion increases with the storage time of m/z 77 in the ion-trap and when 
collisionally activated yields primarily m /z 77 (i.e. H2O loss) as well as loss of CO 
to form a charged product at m /z 67 (see Section 6.7.1). This fragmentation pattern 
is a signature of protonated phenol, which is known to form in the gas-phase from 
the reaction of the phenylium cation and water[50]. This supports the assignment of 
m /z 77 as the phenylium cation. The H2 loss channel (m/z 128) persists at reduced 
intensity in the high energy band of both isomers and minor products are also visible 
under magnification at m /z 102 and 101. These minor photoproduct ions at m /z 
102 and 101 have not been studied in detail here and are consistent with the neutral 
loss of ethene (28 Da) from the precursor ion (m/z 130) and the loss of HCN (27 
Da) from the -H2 photoproduct (m/z 128), respectively.
Wavelength / nm
27000 28000 29000 30000 31000 32000 33000 34000 35000
Wavenumber / cm-1
F ig u r e  6 .2 : Photodissociation action spectra of the low energy bands (370 -  285 
nm) of (a) quinolineH+ and (b) isoquinolineH+. Each spectra is compared to an 
annotated simulation described in the text.
Photodissociation action spectra were measured for the low and high energy 
UV bands of quinolineH+ and isoquinolineH+ by recording PD mass spectra, such 
as those shown in Fig. 6.1, across each broad wavelength range at AA =  0.1 nm.
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Because the PD action spectra are constructed from mass spectra, every product 
channel is recorded for each laser pulse. These PD action spectra are presented 
for the low energy band in Fig. 6.2 and for the high energy band in Fig. 6.3. The 
assignments and annotations are described later in section 6.4.2. When examining 
the m /z 103 channel in Fig. 6.2a (blue), the 370 -  280 nm band of quinolineH+ 
begins with a gradual onset to a low-intensity, broad feature that peaks at around 
27 900 cm-1 . This peak leads a progression with a repeated spacing of ~500 cm-1 . 
These features become less prominent as a broad, structureless and intense feature 
(centred at 32 000 cm-1) eventually dominates. Initially, the other two plotted PD 
fragmentation (m/z 128 and 77) channels follow the same trends at lower intensities. 
Interestingly, the m /z 77 (dark red) channel exhibits a more gradual onset for the 
dominant broad feature and eventually equals the maximum intensity of and out- 
competes the H2-loss channel (green). By 290 nm, m /z 77 becomes the dominant 
photoproduct channel.
For isoquinolineH+ (Fig. 6.2b), the m /z 103 channel is the most intense and also 
displays some vibronic detail. This signal exhibits a gradual onset to a low-intensity 
feature centred around 27 500 cm-1 , about 400 cm-1 lower in energy than the 
first feature in the quinolineH+ spectrum. As in the quinolineH+ case, this feature 
begins a progression with at least eight more peaks occurring roughly every 500 
cm-1 . Many of these features also appear to have a shoulder feature approximately 
100 cm-1 higher in energy. In contrast to the quinolineH+ spectrum in Fig. 6.2a, 
the structureless dominant feature is absent in the isoquinolineH+ spectrum and the 
low energy band returns to its baseline by 300 nm (33 000 cm-1).
The PD action spectrum for the high energy band of quinolineH+ is shown in 
Fig. 6.3a. The dominant m /z 77 channel is plotted alongside the m /z 102 and 101 
channels. These PD fragmentation channels all track similarly with no A-dependent 
partitioning; the m /z 77:102:101 relative branching fraction is 73 ±  4:19 ±  3:8 ±  1 
(±2a) across this wavelength range. Each channel gradually onsets to a broad 
feature centred around 42 100 cm-1 that is well-resolved from the remainder of the 
band. The high energy band in isoquinolineH+, Fig. 6.3b, observes a m /z 77:102:101 
relative branching fraction of 74±3:16±2:9±1 (±2a). Compared to the quinolineH+ 
spectrum in Fig. 6.3a, it shows similar wavelength-dependent photodissociation and 
is slightly red-shifted -  the first feature is centred around 42 500 cm-1 .
6.4.2 Spectral Analysis
The TD-DFT model used to simulate the experimental spectra predicted the first five 
low-lying singlet electronic transitions to have non-zero vertical oscillator strengths 
for both isomers. These transitions all involve rearrangement and localisation of the
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Wavelength / nm
40000 41000 42000 43000 44000 45000
Wavenumber / cm-1
F ig u r e  6 .3 : Photodissociation action spectra of the high energy bands (250 -  220 
nm) of (a) quinolineH+ and (b) isoquinolineH+. The comparison to a simulation 
and the assignments are described in the text.
n electrons. The orbitals involved in the three lowest lying transitions of quinolineH+ 
are presented graphically in Fig. 6.4 as isodensity surfaces representing the volume 
where the probability of finding an electron is > 98%. The equivalent isoquinolineH+ 
MOs appear in Section 6.7.2. The two ground-state occupied orbitals in Fig. 6.4 are 
all bonding n-type molecular orbitals and include the highest occupied molecular 
orbital (HOMO) and the second highest (HOMO-1). The ground-state unoccupied 
orbitals shown in Fig. 6.4 include the three lowest unoccupied molecular orbitals 
(LUMO, LUMO+1 and LUMO+2). On comparison with the occupied orbitals in 
Fig. 6.4, each of these unoccupied MOs represents a more localised n electron system.
For quinolineH+, the predicted adiabatic and vertical transition energies and 
oscillator strengths are tabulated alongside the contribution of each configuration 
state in Table 6.1. The first transition is dominated by a HOMO to LUMO transi­
tion and is expected to have an adiabatic excitation energy of 29 971 cm-1 , about






F ig u r e  6 .4 :  Valence molecular orbitals active in the lowest three electronic 
transitions of quinolineH+.
2000 cm- 1 higher in energy than the first feature in low energy band PD action 
spectrum, Fig. 6.2a. A Franck-Condon absorption spectrum into this electronic 
state was simulated using the unscaled TD-DFT results and PGOPHER 7.1. The 
most active normal modes in the vibronic spectra were found to all be in-plane 
(a0) ring deformations, a familiar result in aromatic electronic spectroscopy. These 
normal modes are shown schematically in Fig. 6.5. The simulated spectrum for 
the S1 — So t ransition is overlaid upon the experimental low energy band spectra 
in Fig. 6.2a. The simulated spectrum has been linearly red-shifted by 2071 cm- 1 
from the predicted TD-DFT origin value and shows good agreement between the 
predicted spacing of prominent vibronic features. A progression in the 3̂1 (a0) mode 
is the most pronounced feature of the simulation and can account for the 500 cm- 1 
progression that provides most of the detail in the lowest energy half of this band. 
The predicted TD-DFT frequency for this mode (refer Section 6.7.3) is 513 cm- 1 
and in close accord with the measured spacing. Within this model, the electronic 
origin (00), i.e. the adiabatic transition energy, has been assigned as 27 900 cm- 1. 
Based on the width of the broad peaks, the determination of the origins transitions 
are assigned an uncertainty of ^50 cm- 1.
Although the band spacings predicted by TD-DFT appear reasonable, the simu­
lated and measured spectral intensities do not agree. The intensity profile of the ab­
sorption spectrum may be modulated significantly by dissociation processes. It has 
been shown for the pyridineH+ cation, from which quinolineH+ and isoquinolineH+
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T a b le  6 .1 : The three lowest-lying, predicted electronic transitions in
quinolineH+.
Adiabatic /  Vertical 
Transition 
Energy /  cm-1
Oscillator
Strength
S1 29 971 /  32 479 0.0401
S2 35 737 /  36 164 0.0967
S3 46 247 /  47 091 0.6386
Configuration
State
HOMO !  LUMO 
HOMO-1 !  LUMO+1 
HOMO-1 !  LUMO 
HOMO !  LUMO+1 
HOMO !  LUMO+1 
HOMO-1 !  LUMO 












F ig u r e  6 .5 : Schematic representation of the important quinolineH+ normal 
modes referred to in text and used in vibronic assignments. The arrows indi­
cate the direction of motion and are not proportional in length to the magnitude. 
The normal modes in isoquinolineH+ are analogous
are derived, that the dominant features and band spacings are conserved between 
photodissociation and rare gas tagging measurements but the PD action spectrum 
signal increases with photon energy (i.e. shorter wavelengths) and is raised off the 
baseline with a broad envelope[47].
The intense broad and unfeatured band centred around 32 000 cm-1 is not 
predicted by this simulation. Table 6.1 lists a second electronic transition, to S2, 
with a vertical excitation energy approximately 3500 cm-1 higher than that to S1. 
The oscillator strength is also expected to be about 2.5x greater for this S2 +- S0 
transition. These two predicted properties support the assignment of the broad 
feature in Fig. 6.2a as the S2 +- S 0 t r an sition. Although the S2 electronic state 
optimised to a bound geometry, this broad feature displays no finer details. This 
suggests that there might be dynamical differences between the deactivation of the 
S1 and S2 electronic states. As there were no finer details resolved in the experiment, 
the FC absorption spectrum was not simulated for this transition.
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T a b le  6 .2 : The three lowest-lying, predicted electronic transitions in
isoquinolineH+.
Adiabatic /  Vertical 
Transition 
Energy /  cm-1
Oscillator
Strength
S1 29 955 /  32 038 0.0699
S2 37 052 /  38 049 0.0011
S3 46 494 /  47 317 0.7135
Configuration
State
HOMO !  LUMO 
HOMO-1 !  LUMO+1 
HOMO !  LUMO+1 
HOMO-1 !  LUMO 
HOMO-1 !  LUMO 
HOMO !  LUMO+1 
HOMO !  LUMO+2 










Turning now to the low energy band of isoquinolineH + , its three lowest-lying, 
predicted electronic transitions are tabulated in Table 6.2. Each of these transitions 
in isoquinolineH+ comprises the same dominant configuration states and ordering 
as quinolineH+, albeit with minor variations in CI wavefunction contributions. The 
first electronic transition, Si +- S 0 , i s predicted to involve primarily the HOMO !  
LUMO excitation with adiabatic and vertical transition energies of 29 955 and 32 038 
cm-1 , respectively. These energies are lower than those predicted for quinolineH+, 
in accord with the observed red shift discussed above. For these ions, the TD-DFT 
method predicted relative energies in accord with the experimental results, however, 
the absolute energies were less accurate. The calculated oscillator strength for the 
S2 +- S0 transition in isoquinolineH+ (0.0011) is an order of magnitude lower than 
that of the S1 +- S 0 t ransition (0.0699). This provides further support for the above 
assignment and also demonstrates a case where a pronounced spectral feature can 
be switched off by a minor structural perturbation. Exchanging a protonated aryl 
nitrogen and a sp2 carbon leads to an isoelectronic ion. This significant difference 
in both photoproduct abundance and partitioning presents a structurally-diagnostic 
measurement that could be used to identify isomers of protonated quinoline -  par­
ticularly around 300 nm.
The vibronic FC absorption spectrum was also simulated for the S1 S0 transi­
tion in isoquinolineH+. This simulation was red-shifted 2455 cm-1 and plotted with 
the experimental measurement in Fig. 6.2b. The low energy part of this simulation 
is magnified in Fig. 6.6. The experimental line spacings are reproduced by a progres­
sion in the u31 (a0) normal mode (see Fig. 6.5). The unscaled predicted frequency for 
this mode is 506 cm-1 (see Section 6.7.3) and in close agreement with the measured 
frequency of 500 cm-1 . The small features that accompany the high-energy shoulder 
of many of these peaks line up with the simulated 31^300 progression to which they 
are assigned in Fig. 6.2b. The experimentally determined frequency of the u30 (a0)




F ig u r e  6 .6 : (a) Magnified (370 -  330 nm) photodissociation action spectrum 
(m/z 77) of the isoquinolineH+ low energy band around the onset and first four 
quanta of excitation in the main progression compared to the (b) Franck-Condon 
absorption spectrum simulation. The assignments and simulation are explained 
in the text.
- 1mode is thus approximately 600 cm-1 and well-predicted by TD-DFT as 612 cm 
The electronic origin (0°°) has been assigned as 27 500 cm-1 .
Because the TD-DFT method yielded a simple description of the two lowest- 
lying excited states that could be used to recreate and understand the experimental 
low energy band, a similar attempt was made for the S3 — S0 transition. The 
adiabatic/vertical transition energies in Tables 6.1 & 6.2 are predicted to be 46 
247/47 091 cm-1 (quinolineH+) and 46 494/47 317 cm-1 (isoquinolineH+), overes­
timated again by several thousand wavenumbers compared to the measured spectra 
in Figs. 6.3a & 6.3b. The isoquinolineH+ band is predicted to occur 226 cm-1 higher 
in energy and is indeed visibly blue-shifted in Fig. 6.3.
The FC absorption spectrum simulations are shown overlaying the experimental 
spectra in Fig. 6.3. These simulations were shifted 4147 cm-1 (quinolineH+) and 
3994 cm-1 (isoquinolineH+) lower in energy from the predicted TD-DFT origin val­
ues and are also dominated by the in-plane ring deformations illustrated in Fig. 6.5. 
Both spectra are characterised by the first intense feature appearing as a pronounced 
peak that is separated from the remainder of the congested vibronic transitions. 
From the simulation this can be assigned as the electronic origin transition (00) 
occurring around 42 100 cm-1 in quinolineH+ and 42 500 cm-1 in isoquinolineH+. 
This difference in origin energies is 153 cm-1 greater (~1.6x) than that predicted 
by CAM-B3LYP/aug-cc-pVDZ. The simulation also predicts a ^31 (a!) hot band 
lying 526 cm-1 lower in energy than the electronic origin. This simulated vibronic
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transition lines up with a bump in the onset of the experimental spectrum. How­
ever, it is not well-resolved. The ground state frequency of this normal mode has 
been determined experimentally as 521 cm-1 [51], which is close to the predicted 526 
cm-1 , showing that the TD-DFT method can provide good estimates for vibrational 
spacing in both the ground and excited electronic states.
6.4.3 Discussion of the Electronic States
(C) S3 - S o
(b) S2 - S
(f) S3 - So
(e) S 2 - S 0
(a) S1 - S (d) S i - So
F ig u r e  6 .7 : Electronic probability density differences between the first three 
excited states and the ground state of quinolineH+ (a-c) and isoquinolineH+ (d-
f).
It has been recently reported that electronic transitions of protonated polycyclic 
aromatic hydrocarbons often possess a strong charge-transfer character -  especially 
when the system has an even number of rings[10]. When exploring the character 
of an excited state, it is helpful to examine the differences between the excited and 
ground state electronic densities. These are shown in Fig. 6.7 for the three lowest- 
lying excited states of both isomers. These surfaces represent the subtraction of 
the ground state DFT density from an excited state electronic density where grey 
indicates a volume of decreased density and blue of increased density. The S1 e- 
So transitions in quinolineH+ (Fig. 6.7a) and isoquinolineH+ (Fig. 6.7d) are almost 
singlet HOMO !  LUMO transitions. On examining the HOMO and LUMO molec­
ular orbitals in Fig 6.4 it is expected that this transition will involve localisation
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of the k electrons and, perhaps, the transfer of charge from the homocycle to the 
heterocycle. This is represented graphically in Figs. 6.7a & 6.7d. There are large 
volumes of blue k density on the nuclei and grey volume surrounding the chemical 
bonds. Comparing over the two rings, a small degree of charge transfer from the 
heterocycle to homocycle is perhaps evident. The first excited state, in both cases, 
involves primarily the transformation from a k bonding to a k anti-bonding arrange­
ment (kk*) with some charge-transfer. The second singlet electronic transition (S2 
— So) is more complex and is controlled, for each isomer, by two dominant excita­
tions in either a 2:1 (quinolineH+) or 1:1 (isoquinolineH+) ratio (Tables 6.1 & 6.2). 
The consequences of these rearrangements on the electronic densities are visualised 
in Figs. 6.7b & 6.7e. This electronic state also exhibits k* character that can be 
observed from the movement of k electron density from the bonds to the nuclei. It 
also involves a greater degree of localisation of the k electrons on particular nuclei. 
Significant charge transfer character is not as clear for this excited state. The S3 - 
S0 electronic density difference is shown for both isomers in Figs. 6.7c & 6.7f. This 
electronic state also results from a multiplet excitation (Tables 6.1 & 6.2) but the 
movement of electrons can be characterised from the density differences in Fig. 6.7. 
This transition involves some redistribution of electronic density from the homocycle 
to the heterocycle.
6.4.4 Product Channels
For the low energy band, where HCN loss is dominant, the enthalpies of six pho­
toproduct channels have been calculated using the CBS-QB3 method, shown in 
Fig. 6.8. The bicyclic photoproducts are resonance stabilised and reside between 
37 000 and 38 000 cm-1 . The styrene derivative cations lie higher in energy: when 
the aromatic phenyl ring remains intact, this channel requires more than 39 000 
cm-1 of energy and when a carbocation is incorporated in the ring ~45 000 cm-1 is 
required. We note that the CBS-QB3 method optimises the styrene derivative with 
a terminal carbocation, (phenyl)-CH=CH+, to the lowest energy bicyclic structure 
shown in Fig. 6.8. The single-photon (hu) and two-photon (2 hu) energy ranges are 
labelled on the vertical axis and bracket all of the photoproduct channel enthalpies. 
The lowest energy product channel requires energy about 7 500 cm-1 greater than 
that of the most energetic low energy band photon while the highest energy channel 
is more than 3 500 cm-1 below the two-photon energy range. The low energy band 
cannot be the result of single photon dissociation. Two photons however, exceed 
the relative enthalpies of all photoproduct channels located.
The scenario is similar for the high energy band. The calculated energies re­
quired to form the m /z 77 phenylium cation and three possible coproduct channels
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CBS-QB3
F ig u r e  6 .8 : CBS-QB3 enthalpies (in wavenumbers) for the six channels for the 
ground-state HCN loss from quinolineH+ and the isomerisation to isoquinolineH+. 
The single- and two-photon energy ranges are labelled on the vertical axis.
-  acrylonitrile, HCN+acetylene and azete -  are shown in Fig. 6.9. Once again, most 
of the experimental photon energies are below the product enthalpies of the photo­
product channels. However, the enthalpy of the phenylium +  acrylonitrile channel 
lies within the upper end of this band, albeit where there is little spectral activity, 
see Figs. 6.3a & 6.3b. A more complete energy surface would be required to better 
predict which CgH+ isomer forms.
Power dependence measurements of photofragmenation can provide insight into 
the absorption process. The absorption of an ion population, A, will vary accord­
ing to the intensity of the input light (i.e. the laser power), I , according to the 
relationship[52]
A /  o\I +  o’2 1 2 +  0313 +  ••• (6.1)
where 01 is the linear absorption cross-section, o2 the two-photon absorption 
cross section, and so on. Thus, if one process is dominant, the response of absorption 
(and therefore photodissociation) to laser power will be either linear, quadratic,
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F ig u r e  6 .9 : CBS-QB3 enthalpies (in wavenumbers) for the ground-state for­
mation of the phenylium cation from quinolineH+ and the isomerisation to 
isoquinolineH+. The single-photon energy range is labelled on the vertical axis.
cubic, et cetera, depending on the number of photons involved.
This was explored for the formation of m /z 103 (HCN loss) from quinolineH+ 
within the low energy band wavelength range. Figs. 6.10a-c plot the yield of this 
photoproduct at different laser powers at A =  (a) 320 nm (b), 310 nm and (c) 300 
nm. Each of these curves can be described by a fitted quadratic function of the 
form y =  ax2. This suggests that, throughout this band, the formation of HCN 
and m/z 103 proceeds the absorption of two photons. To examine the change in 
photoproduct branching ratio that occurs around the assigned S2 — S 0 tr an s ition, 
and explore if a new process becomes available, these data are plotted for the m/z 
77 channel in Figs. 6.10d-f. The points A =  (d) 320 nm (e), 310 nm and (f) 300 nm 
occur before, during and after the point of inflection in the m /z 77 photoproduct 
action spectrum (Fig. 6.2a), respectively. At each wavelength, the m /z 77 branching 
fraction observes a quadratic dependence on laser power and is dominated by two 
photon excitation. Within the low energy band, m/z 103 & 77 are formed from 
a two-photon process. The A-dependent photoproduct partitioning may then be 
the result of different pathways leading to photodissociation. Figs. 6.10g-h graph 
the appearance of m/z 77 against laser power at two different points within the 
high energy band: (g) 235 nm and (h) 230 nm. The power-dependencies are not 
as well-described by an optimised quadratic function as those for the low energy 
band. Instead, the response to laser power is better represented by a power function 
y =  ax1'6. This suggests that photodissociation within this band may be accessible 
with a single photon yet still occurs dominantly by a two-photon process.
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Lase r power / mW
Lase r power / mW
Laser power / mW
F ig u r e  6 .1 0 : Laser-power dependence of the (a-c) quinolineH+ m/z 103 pho­
toproduct yield within the low energy band and the m/z 77 photoproduct yield 
across the (d-f) low energy and (g,h) high energy bands.
6.5 Conclusions
The electronic photodissociation action spectroscopy has been recorded, in the gas- 
phase, for quinolineH+ and isoquinolineH+. This dataset expands the library of 
existing knowledge to include the protonated quinoline spectra amongst that of 
neutral, substituted and radical cation quinoline derivatives. It is shown that both 
isomers contain two broad, vibronically-structured bands in their electronic spectra 
with a wavelength-dependence of the photoproduct branching fractions. The low 
energy band spans 370 -  285 nm and is dominated by a photodissociation mass 
channel consistent with HCN (27 Da) loss. The high energy band spans 250 -  220 nm 
and the measured signal arises primarily from the detection of the phenylium cation 
(C6H+). The low energy band is assigned to the two closely-lying Si —- S o and S 2 —- 
S0 transitions in quinolineH+, and to the S1 — S 0 t r an s i tion in isoquinolineH+. The 
spectra are most different, in both intensity and photoproduct partitioning, across 
the region 310 -  300 nm, presenting a possible structurally-diagnostic measurement 
that could be used to identify either protonated quinoline isomer amongst a m/z 130 
ion population. The S1 electronic origins have been measured to be 27 900 cm-1 
and 27 500 cm-1 for quinolineH+ and isoquinolineH+, respectively. The S1 state
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vibrational frequency of the u31 (a0) mode has been measured to be approximately 
500 cm-1 for both isomers and harmonic at up to five and eight quanta of excitation 
in quinolineH+ and isoquinolineH+, respectively. The experimental frequency for 
the (a0) normal mode in isoquinolineH+ is about 600 cm-1 . The high energy 
band has assigned electronic origins at 42 100 cm-1 (quinolineH+) and 42 500 cm-1 
(isoquinolineH+), exhibits little resolvable structure and is attributed, in both cases, 
to the S3 — S o t ransi tion. Finally, due to the broad spectral features in the action 
spectra, the accuracy of electronic origin determinations are likely to be significantly 
improved with colder ions.
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6.7 Supporting Information
6.7.1 m /z  77 structural elucidation mass spectra
F ig u r e  6 .1 1 : Mass spectrum recorded after mass-selecting a quinolineH+ (m/z 
130) ion population, irradiating with a single 230 nm laser pulse and storing the 
m/z 77 photoproduct ions for 1 second.
F ig u r e  6 .1 2 : Mass spectrum recorded following collisional activation of the 
m/z 95 ions formed from addition of water (18 Da) to the m/z 77 quinolineH+ 
photoproduct.
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Symbol x /  A y /  A z /  A
1 H -1.26430600 -2.29235000 0.00000000
7 N -1.23454900 -1.27632600 0.00000000
6 C -2.38648100 -0.60756200 0.00000000
1 H -3.29775600 -1.20203900 0.00000000
6 C -2.38958100 0.78371800 0.00000000
1 H -3.33759100 1.31527000 0.00000000
6 C -1.18014400 1.45110200 0.00000000
1 H -1.15813300 2.54100800 0.00000000
6 C 0.04044400 0.74265800 0.00000000
6 C 1.30847000 1.38076000 0.00000000
1 H 1.35140300 2.46874800 0.00000000
6 C 2.45454700 0.62980700 0.00000000
1 H 3.42787200 1.11712200 0.00000000
6 C 2.38693900 -0.78504200 0.00000000
1 H 3.30985000 -1.36325900 0.00000000
6 C 1.17910400 -1.44057900 0.00000000
1 H 1.13071200 -2.52905800 0.00000000
6 C 0.00000000 -0.67505400 0.00000000




Symbol x /  A y /  A
1 H 0.33686154 -0.36121042
7 N 0.34029535 0.65012113
6 C 1.56323847 1.31252121
1 H 2.44835522 0.68544045
6 C 1.59124242 2.68168052
1 H 2.55646682 3.18333299
6 C 0.39715349 3.43263527
1 H 0.41311863 4.51821477
S  6 C -0.83917714 2.72511128
6 C -2.09922999 3.37237715
1 H -2.12428269 4.46251985
6 C -3.33650412 2.65911424
1 H -4.27094906 3.21725562
6 C -3.32549622 1.28694683
1 H -4.24807635 0.71061319
6 C -2.07879054 0.61418103
1 H -2.06376452 -0.47640923
6 C -0.84891857 1.32555410























Symbol x /  A y /  A
1 H 0.34410398 -0.37591594
7 N 0.34247348 0.63832703
6 C 1.53009284 1.29727859
1 H 2.42570030 0.68048503
6 C 1.57169313 2.69801266
1 H 2.54405351 3.18407271
6 C 0.38878653 3.43663747
1 H 0.40941220 4.52381604
S  6 C -0.86282505 2.75887491
6 C -2.10412145 3.41443455
1 H -2.12532142 4.50273715
6 C -3.29744500 2.69248465
1 H -4.25177850 3.21563009
6 C -3.28269516 1.26506039
1 H -4.22124847 0.71415892
6 C -2.06912472 0.57568798
1 H -2.05451586 -0.51375792
6 C -0.87569762 1.29197568























Symbol x /  A y /  A
1 H 1.21991000 2.35109800
7 N 1.21406800 1.33625000
6 C 2.38276200 0.67755300
1 H 3.28517800 1.28499800
6 C 2.41997300 -0.74568800
1 H 3.38858100 -1.23897600
6 C 1.24138400 -1.45694200
1 H 1.24356300 -2.54494900
S  6 C -0.00394400 -0.75096900
6 C -1.27895800 -1.41055400
1 H -1.30169000 -2.50047700
6 C -2.47310400 -0.69140600
1 H -3.42560700 -1.21620000
6 C -2.44450600 0.73933600
1 H -3.37501400 1.30340400
6 C -1.23103800 1.41264200
1 H -1.20881000 2.50321800
6 C 0.00000000 0.67671600
























Symbol x /  A y /  A
1 H -1.39618400 2.37834900
1 H -3.26406500 1.01922600
6 C -2.34307700 -0.81829900
1 H -3.30905500 -1.31510100
6 C -1.14742200 -1.46682100
1 H -1.13067800 -2.55467000
6 C 0.06835000 -0.73154300
6 C 1.33719600 -1.35154700
s  1 H 1.40291100 -2.43819300
6 C 2.47374700 -0.57930500
1 H 3.45130600 -1.06015400
6 C 2.40403300 0.83728800
1 H 3.32476400 1.41814100
6 C 1.19110300 1.47130900
1 H 1.12720600 2.55853900
6 C 0.00000000 0.69624300
6 C -1.26231400 1.29791500
7 N -2.36227100 0.55177400























Symbol x /  A y /  A
1 H -1.38987420 -2.42688606
1 H -3.32223697 -1.04415102
6 C -2.38148957 0.77205454
1 H -3.34057174 1.28600636
6 C -1.18366082 1.45274315
1 H -1.18769696 2.53921472
6 C 0.03894785 0.71652446
6 C 1.30723001 1.35983122
S  1 H 1.33727031 2.44952958
6 C 2.51761165 0.63223122
1 H 3.47205949 1.15332683
6 C 2.45374945 -0.74564287
1 H 3.36258333 -1.34573489
6 C 1.19494537 -1.41092077
1 H 1.17960472 -2.50116445
6 C -0.02492922 -0.69906117
6 C -1.26878847 -1.34973285
7 N -2.42395423 -0.57924398























Symbol x /  A y /  A
1 H -1.39575460 -2.41183863
1 H -3.27832599 -1.06442285
6 C -2.39586260 0.78276475
1 H -3.36927068 1.262119
6 C -1.17805534 1.4697093
1 H -1.18537832 2.55702315
6 C 0.02956541 0.76240179
6 C 1.29768668 1.38671963
s  1 H 1.35609970 2.4745669
6 C 2.48186674 0.62886186
1 H 3.44067766 1.14511498
6 C 2.44494615 -0.78788615
1 H 3.36967456 -1.35932588
6 C 1.20680965 -1.43913517
1 H 1.16761715 -2.52792562
6 C 0.00018747 -0.70370812
6 C -1.26797168 -1.33268735
7 N -2.38371194 -0.58342761























Symbol x /  A y /  A
1 H -1.39644238 2.41135958
1 H -3.28264660 1.04007105
6 C -2.36522554 -0.82337731
1 H -3.33608362 -1.30798110
6 C -1.16483561 -1.48665819
1 H -1.15608911 -2.57396874
6 C 0.04993391 -0.75352364
6 C 1.34107408 -1.36152832
S  1 H 1.42016205 -2.44856742
6 C 2.50521847 -0.58791381
1 H 3.47692905 -1.08079800
6 C 2.43750612 0.85330318
1 H 3.35593899 1.43658141
6 C 1.21490569 1.46776791
1 H 1.13962957 2.55527229
6 C 0.00000000 0.68374363
6 C -1.27888201 1.32998540
7 N -2.37993838 0.57674825
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Frequency /  cm-1 512.6395
Reduced mass /  amu 2.1174
Force constant /  10-8 N-A 1.1013
Atom # x y z
1 0.02 -0.16 0.00
2 -0.13 -0.15 0.00
3 -0.07 -0.16 0.00
4 -0.19 0.00 0.00
5 0.26 -0.13 0.00
6 0.32 -0.01 0.00
7 0.21 -0.07 0.00
8 0.08 -0.08 0.00
9 0.19 0.01 0.00
10 0.19 0.15 0.00
11 0.06 0.16 0.00
12 0.11 0.14 0.00
13 0.25 -0.09 0.00
14 -0.27 0.15 0.00
15 -0.38 -0.01 0.00
16 -0.27 0.10 0.00
17 -0.16 0.10 0.00
18 -0.19 0.00 0.00




Frequency /  cm-1 526.1339
Reduced mass /  amu 6.7793
Force constant /  10-8 N-A 1.1057
Atom # x y z
1 0.12 0.16 0.00
2 0.09 -0.09 0.00
3 0.32 0.08 0.00
4 0.33 0.06 0.00
5 0.24 -0.01 0.00
6 0.23 -0.01 0.00
7 0.10 0.00 0.00
8 -0.05 -0.19 0.00
9 -0.15 -0.2 0 0.00
10 -0.19 -0.08 0.00
11 -0.09 0.12 0.00
12 -0.36 -0.08 0.00
13 -0.34 -0.12 0.00
14 -0.24 0.06 0.00
15 -0.22 0.06 0.00
16 -0.07 0.01 0.00
17 0.06 0.15 0.00
18 0.17 0.06 0.00
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S i
3̂1 3̂0
Frequency /  cm-1 506.2389 1072.7510
Reduced mass /  amu 6.8889 2.0146
Force constant /  10-8 N-A 1.0402 1.3660
Atom # x y z x y z
1 0.13 0.15 0.00 -0.31 -0.09 0.00
2 0.07 -0.07 0.00 0.02 -0.10 0.00
3 0.32 0.06 0.00 0.06 0.09 0.00
4 0.34 0.04 0.00 0.03 0.15 0.00
5 0.24 -0.01 0.00 -0.03 0.01 0.00
6 0.2 -0.01 0.00 -0.34 0.02 0.00
7 0.13 -0.01 0.00 0.01 -0.02 0.00
8 -0.02 -0.20 0.00 0.06 0.06 0.00
9 -0.12 -0.20 0.00 0.41 0.07 0.00
10 -0.17 -0.09 0.00 -0.10 0.10 0.00
11 -0.05 0.13 0.00 0.00 0.30 0.00
12 -0.38 -0.08 0.00 -0.12 -0.08 0.00
13 -0.37 -0.10 0.00 -0.07 -0.2 0.00
14 -0.25 0.07 0.00 0.10 -0.08 0.00
15 -0.21 0.07 0.00 0.58 -0.09 0.00
16 -0.09 0.02 0.00 0.01 0.04 0.00
17 0.04 0.14 0.00 -0.06 -0.06 0.00
18 0.15 0.08 0.00 0.04 -0.05 0.00
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Calculated norm al m ode frequencies 
quinolineH+
SoLabel Freq. / cm 1 Label Freq. / cm-1
Si
Label Freq. / cm-1 Label Freq. / cm-1
a') 3573.3508 2̂5 (a') 1092.3760 1̂ a') 3633.9228 2̂5 (a') 1079.2274
V2 ar) 3258.4461 2̂6 (a') 1053.3654 2̂ a') 3278.3564 2̂6 (a') 1044.8179
3̂ a>) 3246.4491 2̂7 (a') 960.2950 3̂ a') 3256.6898 2̂7(a') 938.5256V4 a') 3241.2669 to CO (a') 825.9803 4̂ a') 3251.4195 to CO (a') 812.1457
V5 a') 3230.7546 2̂9 (a') 787.2642 5̂ a') 3242.2875 2̂9 (a') 783.9691
6̂ a') 3221.7043 3̂0 (a') 630.8466 6̂ a') 3238.6671 3̂0 (a') 600.4611a') 3219.9410 3̂1 (a') 530.3478 V7 a') 3222.0985 3̂1 (a') 512.6395
8̂ a') 3211.0979 3̂2 (a') 527.2880 8̂ a') 3214.3556 3̂2 (a') 507.2788
9̂ a') 1717.4471 3̂3 (a') 375.6749 9̂ a') 1677.6790 3̂3 (a') 368.5141
1̂0 (a' ) 1676.6702 3̂4(a'') 1057.6550 1̂0 (a') 1638.1481 3̂4 (a'') 1028.3811
1̂1 (a') 1663.6327 3̂5 (a'') 1045.9031 1̂1 (a') 1581.7551 3̂5 (a'') 984.7365
1̂2 (a') 1619.0205 3̂6 (a'') 1018.2138 1̂2 (a') 1548.5208 3̂6 (a'') 967.3339
1̂3 (a') 1527.1764 3̂7(a'') 1008.4842 1̂3 (a') 1515.0954 3̂7 (a'') 933.7807
1̂4 (a') 1510.7153 3̂8(a'') 919.1977 1̂4 (a') 1446.7760 3̂8 (a'') 777.0812
1̂5 (a') 1446.9264 3̂9 (a'') 853.7368 1̂5 (a') 1428.1348 3̂9 (a'') 748.3533
1̂6 (a') 1439.0424 4̂0 (a'') 822.1356 1̂6 (a') 1423.3911 4̂0 (a'') 735.3702
1̂7 (a') 1418.9105 4̂1 (a'') 810.6516 1̂7 (a') 1389.4583 4̂1 (a'') 687.0341
1̂8 (a') 1330.8382 4̂2 (a'') 749.7148 1̂8 (a') 1313.0641 4̂2 (a'') 552.2840
1̂9 (a') 1297.5638 4̂3 (a'') 634.6853 1̂9 (a') 1288.2475 4̂3 (a'') 516.0032
to 0 (a') 1257.5115 4̂4(a'') 495.8468 to 0 (a') 1245.7896 4̂4 (a'') 447.6766
2̂1 (a') 1243.1653 4̂5 (a'') 483.8157 2̂1 (a') 1207.3007 4̂5 (a'') 403.7084
to to (a') 1187.8215 4̂6 (a'') 392.0895 to to (a') 1192.2968 4̂6 (a'') 286.1900
2̂3 (a') 1178.0932 4̂7(a'') 191.8412 2̂3 (a') 1107.9085 4̂7 (a'') 166.6438
2̂4 (a') 1164.2525 4̂8(a'') 181.3755 2̂4 (a') 1100.5944 4̂8 (a'') 154.2465
S2Label Freq. / cm-1 Label Freq. / cm-1 §3Label Freq. / cm-1 Label Freq. / cm-1
1̂ (a') 3597.1417 2̂5 (a') 1050.4434 1̂ a') 3594.3765 2̂5 (a') 1032.2402
V2 (a') 3261.8747 2̂6 (a') 1011.8244 V2 a') 3258.0887 2̂6 (a') 996.4563
V3 (a') 3251.3978 2̂7 (a') 946.2243 V3 a') 3252.2185 2̂7(a') 929.2043
4̂ (a') 3248.4271 to C0 (a') 810.9461 4̂ a') 3249.9946 2̂9 (a') 789.3728
5̂ (a') 3240.1188 2̂9 (a') 740.7672 5̂ a') 3239.8388 to CO (a') 754.1632
6̂ (a') 3239.2873 3̂0 (a') 604.7024 6̂ a') 3237.1837 3̂0 (a') 610.4133
v7(a') 3227.3960 3̂1 (a') 530.2010 7̂ a') 3219.9787 3̂1 (a') 501.0905
8̂ (a') 3214.2763 3̂2 (a') 514.2506 8̂ a') 3208.3940 3̂2 (a') 459.5765
9̂ (a') 1831.7280 3̂3 (a') 376.6316 9̂ a') 1684.0501 3̂3 (a') 345.5554
1̂0 (a') 1625.9606 3̂4(a'') 987.3393 1̂0 (a') 1639.1482 3̂4 (a'') 958.3192
1̂1 (a') 1600.4351 3̂5 (a'') 951.2694 1̂1 (a') 1571.7661 3̂5 (a'') 948.9814
1̂2 (a') 1540.3491 3̂6 (a'') 939.1144 1̂2 (a') 1535.5996 3̂6 (a'') 937.7775
1̂3 (a') 1527.8593 3̂7(a'') 876.7374 1̂3 (a') 1520.4933 3̂7 (a'') 873.6224
1̂4 (a') 1502.3354 3̂8(a'') 835.6330 1̂4 (a') 1472.4319 3̂8 (a'') 800.1161
1̂5 (a') 1477.9273 3̂9 (a'') 774.0416 1̂5 (a') 1458.0833 3̂9 (a'') 728.9121
1̂6 (a') 1419.2360 4̂0 (a'') 737.9451 1̂6 (a') 1407.4087 4̂0 (a'') 670.9420
1̂7 (a') 1405.2284 4̂1 (a'') 709.3844 1̂7 (a') 1395.8263 4̂1 (a'') 650.7461
1̂8 (a') 1302.2754 4̂2 (a'') 634.5627 1̂8 (a') 1282.1959 4̂2 (a'') 572.5530
1̂9 (a') 1293.7592 4̂3 (a'') 452.3388 1̂9 (a') 1267.8704 4̂3 (a'') 408.1170
2̂0 (a') 1252.3639 4̂4(a'') 421.8283 2̂0 (a') 1239.3120 4̂4 (a'') 363.1653
2̂1 (a') 1200.1013 4̂5 (a'') 406.9719 2̂1 (a') 1217.4448 4̂5 (a'') 323.5739
to to (a') 1188.0462 4̂6 (a'') 280.1137 to to (a') 1184.5746 4̂6 (a'') 293.5818
2̂3 (a') 1163.6903 4̂7(a'') 157.2690 2̂3 (a') 1150.6802 4̂7 (a'') 134.1332
2̂4 (a') 1142.7423 4̂8(a'') 129.2463 2̂4 (a') 1139.7658 4̂8 (a'') 114.1647
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isoquinolineH +
SoLabel Freq. / cm 1 Label Freq. / cm-1
§1
Label Freq. / cm-1 Label Freq. / cm-1
a0 3586.1481 v25(a') 1066.5795 V1 a') 3636.7686 v25(a') 1072.7510
V2 a0 3267.6184 v26(a') 1050.0877 V2 a') 3280.4756 v2e(a') 1036.7309
3̂ a0) 3240.7494 v27(a') 969.0596 V3 a') 3255.4708 v27(a') 946.0153V4 a0 3239.5912 to CO (a') 819.3493 V4 a') 3250.9100 to CO (a') 809.9744
V5 a0 3237.6580 V29(a') 793.2986 V5 a') 3243.2060 v2g(a') 782.9217
ve a0) 3230.7270 V30(a') 646.2467 V6 a') 3234.3989 v3o (a') 611.6382
V7 a0) 3220.0488 V31 (a') 526.1339 V7 a') 3220.4034 v31(a') 506.2389
V8 a0) 3216.3205 v32(a') 514.3028 V8 a') 3216.7221 v32(a') 500.3212
vg a0) 1706.9904 v33(a') 372.2766 vg a') 1666.2286 v33(a') 363.3662
v10(a') 1687.3835 v34(a'') 1062.4450 v10(a') 1619.0702 v34(a'') 1022.6297
v11 (V) 1659.0443 v35(a'') 1024.5099 v11(a') 1565.7944 v35(a'') 981.6976
v12(a') 1609.2617 v36(a'') 1007.3294 v12(a') 1560.7973 v3e (a'') 976.6393
v13(a') 1543.2599 v37(a'') 990.3441 v13(a') 1500.9185 v37(a'') 926.5891
v14(a') 1504.6912 v38(a'') 933.1426 v14(a') 1483.8561 v38(a'') 787.6494
v15(a') 1461.6650 v39(a'') 866.7987 v15(a') 1438.9279 v3g (a'') 751.3256
v16(a') 1443.9972 v40(a'') 826.3943 v16(a') 1423.3736 v4o (a'') 732.2681
v17(a') 1421.5167 v41(a'') 801.3491 v17(a') 1400.7893 v41 (a'') 658.9849
v18(a') 1313.6111 v42(a'') 757.0410 v18(a') 1295.1933 v42 (a'') 600.3496
v19(a') 1305.0327 v43(a'') 644.5982 v19(a') 1267.2609 v43 (a'') 481.8391
to o (a') 1281.5898 v44(a'') 498.0600 to o (a') 1249.9349 v44(a'') 441.6474
V21 (a') 1243.4936 V45(a'') 479.3649 V21 (a') 1243.0349 v45 (a'') 389.4258
V22(a') 1201.1108 V46(a'') 405.1339 V22(a') 1187.8118 v4e (a'') 301.4382
V23(a') 1187.6616 V47(a'') 187.7186 V23(a') 1150.0623 v47(a'') 169.7097
v24(a') 1176.2998 v48(a'') 176.5170 v24(a') 1110.0644 v48(a'') 151.8884
§2Label Freq. / cm-1 Label Freq. / cm-1 §3Label Freq. / cm-1 Label Freq. / cm-1
V1 a') 3587.7200 v25(a') 1048.7769 v1 a') 3599.4294 v25(a') 979.8772
V2 a') 3278.8715 v2e (a') 1005.6269 v2 a') 3278.9313 v2e(a') 963.1069
V3 a') 3258.3004 v27(a') 952.2421 v3 a') 3247.7568 v27(a') 929.6831
V4 a') 3253.9242 to C0 (a') 803.1497 v4 a') 3245.9423 to C0 (a') 770.8580
v5 a') 3243.5325 v2g(a') 752.1170 v5 a') 3241.3505 v2g(a') 762.9461
ve a') 3237.2718 v3o (a') 627.0522 ve a') 3232.1077 v3o (a') 616.7299
V7 a') 3222.7880 v31 (a') 516.3441 v7 a') 3219.2037 v31(a') 508.1180
V8 a') 3219.3610 v32(a') 492.8486 v8 a') 3214.0501 v32(a') 446.5289vg a') 1718.6072 v33(a') 362.5870 vg a') 1916.5129 v33(a') 347.7360
v1o (a') 1658.7682 v34(a'') 986.5805 v10(a') 1596.3215 v34(a'') 982.7460
v11 (a') 1586.7244 v35(a'') 949.5495 v11(a') 1557.5895 v35(a'') 950.2702
v12(a') 1539.8425 v3e (a'') 903.5806 v12(a') 1539.9818 v3e (a'') 890.2445
v13(a') 1499.3365 v37(a'') 867.6524 v13(a') 1482.3894 v37(a'') 811.5904
v14(a') 1484.6710 v38(a'') 839.6390 v14(a') 1442.4613 v38(a'') 790.6414
v15(a') 1437.9542 v3g(a'') 776.0501 v15(a') 1433.7462 v3g (a'') 723.1111
v1e (a') 1420.6893 v4o (a'') 737.3131 v16 (a') 1392.3700 v4o (a'') 719.6567
v17(a') 1391.5973 v41(a'') 703.0013 v17 (a') 1355.4506 v41 (a'') 657.1093
v18(a') 1297.5614 v42(a'') 688.6062 v18 (a') 1275.8849 v42 (a'') 564.4138
v1g(a') 1278.4249 v43(a'') 493.6547 v19(a') 1251.9587 v43 (a'') 415.4329
to o (a') 1270.4482 v44(a'') 423.0527 to o (a') 1240.5259 v44(a'') 338.2444
v21 (a') 1232.2660 v45(a'') 383.7337 v21 (a') 1225.4087 v45 (a'') 291.4487
to to (a') 1190.2016 v4e (a'') 334.5943 to to (a') 1189.3692 v4e (a'') 249.1265
v23 (a') 1147.2716 v47(a'') 172.3539 v23 (a') 1158.6847 v47(a'') 138.0402
v24(a') 1111.7838 v48(a'') 129.1915 v24(a') 1151.3603 v48(a'') 62.9935
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Chapter 7 
Conclusion
This study aimed to explore the dissociative ultraviolet photochemistry afforded 
by substituting pyridine, which does not fragment at wavelengths longer than 200 
nm, at the N-position, and to exploit this photochemistry to characterise these ions 
spectroscopically -  probing details that have long been elusive.
Chapter 2 described the instrumentation and method development portion of 
this doctoral work. The experimental results reported therein validated the instru­
mental arrangement in two ways: by reproducing, and extending, literature mea­
surements for the PhAg+ cation recorded on similar equipment, and by providing 
new, timely information on the photodissociation action spectroscopy of protonated 
chloroaniline, bromoaniline and iodoaniline. The remaining chapters (3-6) are ex­
perimental chapters. The work presented in Chapter 3 is a key result of this doctoral 
work. Information about the excited state structure of the fundamental protonated 
pyridine chemical unit was revealed for the first time and direct spectroscopic evi­
dence was provided for excited state behaviours that have been long postulated to 
occur in protonated and neutral pyridine, but not confirmed prior to this doctoral 
work. For these four results chapters, the specific results are summarised within 
their respective chapter and this conclusion will synthesise a more holistic under­
standing of these results to answer the two broad questions asked by this study: 
1. How is the dissociative photochemistry of pyridine affected by protonation, and 
then by substitution and derivitisation and 2. What is the wavelength-dependence 
of these dissociative processes and how is the spectroscopy of these cations governed 
by these chemical modifications?
The answer to the first question is summarised in Fig. 7.1 where the photofrag­
mentation pathways and photon energy ranges are shown for the protonated pyridine 
derivatives studied in this thesis, losses written in red type are those characterised 
within this work and blue type records those known from literature. The chart begins 
in the lower left with neutral pyridine, which is not dissociative following excitation 
at wavelengths longer than 200 nm. Substituting or derivatising pyridine opens up
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F ig u r e  7 .1 : The fragmentation pathways observed by pyridine derivatives. 
Example derivitisation steps from neutral pyridine are schematised using arrows. 
Each ion is labelled with its dominant UV photodissociation channel (red for 
pathways characterised in this study, blue for those known from literature) and 
the wavelengths at which these channels are accessed.
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rich dissociative photochemistry. Moving rightwards, protonating neutral pyridine 
on the nitrogen results in a charged species that fragments through the neutral loss 
of molecular hydrogen (H2), this process is studied in Chapter 3 and shown to yield 
exclusively the 2-pyridinylium cation. Alkylating at the N position also yields a 
charged species that readily fragments. In the case of methylation, dissociation oc­
curs by the neutral loss of methane (CH4); a channel that is analogous to H2 loss in 
pyridine (channel (3), see Section 1.5) and also results exclusively in the formation 
of the 2-pyridinylium cation, See Chapter 4. When the alkyl chain contains two or 
more carbons, fragmentation occurs by the loss of the alkene (shown for ethyl- and 
octyl-pyridinium in Chapter 4) to yield protonated pyridine -  the identity of this 
photoproduct has been confirmed for N-ethylpyridinium.
The protonated diazine species pyrimidineH+, pyrazineH+ and pyridazineH+ 
are shown directly above pyridineH+ and can be considered either the protonation 
of the diazine or the substitution of a ring carbon for a nitrogen in pyridineH+. The 
neutral diazines pyrimidine and pyrazine are known to readily dissociate through 
the neutral loss of HCN in the middle UV, whereas pyridazine is known to disso­
ciate in low yields through the loss of molecular nitrogen (N2). The protonated 
diazines all photodissociate dominantly through the loss of HCN (still in low yields 
for the protonated pyridazine) with no observed loss of H2, the dominant pyridineH+ 
photodissociation pathway, discussed in Chapter 5.
The azanaphthalenes (i.e. quinolines) are pyridine derivatives with a fused 
phenyl ring. There are two unique positions for the nitrogen atom and two isomers 
exist. The increased length of the delocalised n electron system lowers the excited 
electronic state energies and results in a red-shift of the low-lying electronic tran­
sitions (all nn*). This pushes two more excited state transitions into the photon 
energy range of the instrumentation used in this study and two bands are observed: 
a low-energy band from 370 -  285 nm and a high-energy band from 250 -  220 
nm, both requiring the absorption of two photons to form products and each with 
different photoproduct identities and branching fractions. At low energy, HCN loss 
dominates and minor channels include the loss of H2 and the loss of C3H3N (forming 
the phenylium cation, C6H+). At high energies, formation of the phenylium cation 
dominates minor channels consistent with the neutral losses of acetylene (C2H2), H2 
and [H2+HCN].
The wavelength dependence of these photoproduct channels is condensed in 
Fig. 7.2, which plots the spectrum of the dominant PD channel for the ions studied 
in this doctoral thesis. For each of the monocyclic species a similar trend is observed. 
A single broad electronic band, exhibiting some vibronic structure, occurs between 
300 and 220 nm. The amount of resolvable vibronic structure generally decreases 
as the complexity of the chemical structure increases. For the bicyclic species,
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F ig u r e  7 .2 : Photodissociation action spectra monitoring the dominant frag­
mentation channels of the cations studied in this doctoral work.
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this electronic band also reveals some vibronic detail and is red-shifted, occurring 
between 350 and 285 nm. A second, higher electronic band is observed across the 
wavelength range 250 to 220 nm.
The trends in the wavelength position of this common, lowest-lying electronic 
transition for the ions investigated in this study are represented by Fig. 7.3. This 
chart shows the assigned adiabatic excitation energy (electronic origin), in wavenum­
bers, for each ion. Note that the value for protonated pyridine (marked with an 
asterisk) is the energy of the first intense feature which was not assigned as the 
electronic origin and the value for the S2 — So transition in quinoline (shown in 
parenthesis) is the vertical excitation energy. The lines joining these energies do not 
represent reactions, but group the energies as promoting either Si — S0 , S — — S0 or 
S3 — S 0 t rans it ions.
The first group of ions are the protonated (Chapter 3) and substituted (Chapter 
4) pyridines. This low-lying electronic transition, in all cases, involves rearrange­
ment of the k system electrons. Because the proton and alkyl substituents do 
not significantly affect the k system electronics, there is little difference between 
these measured values. The second group are the protonated diazines (Chapter 5), 
where the electronic origin of pyrazineH+ (1,4-diazine) is red-shifted by around 1 
500 cm-1 relative to the pyridine cations and the other two isomers, pyrimidineH+ 
(1,3-diazine) and pyridazineH+ (1,2-diazine) are blue-shifted by approximately 2 500 
cm-1 . The increased excitation energy for pyrimidineH+ and pyridazineH+, when 
compared to the pyridine cations, arises from the stabilisation of the ground state 
afforded by the increased nuclear charge on the extra nitrogen atom: lowering the 
energy of any molecular orbitals that incorporate it. This effect is reduced upon 
localisation of the k electron system and the excited state energies are not expected 
to be lowered as significantly. The stabilisation of the ground state thus increases 
the spacing between these electronic energy levels and is observed as a blue-shift 
of the adiabatic excitation energies. This lowering of the ground state energy also 
occurs for pyrazineH+, yet its excitation energy is much less than that of the pyri­
dine cations. This can be rationalised by the increased symmetry of the pyrazineH+ 
cation (C2v vs. CS for pyrimidineH+ and pyridazineH+), which can be considered 
higher still by realising that the N-substituent has a small effect on the k electron 
system and the symmetry of the k electron system is almost D—h. This increases the 
spatial electronic degeneracy of the valence k orbitals and destabilises the ground 
state, reducing the distance between it and the excited state and contributing to 
the observed red-shift.
Comparison of the calculated energies of the ground and first excited states in 
isomeric pyrimdineH+ and pyrazineH+, shown in Fig. 7.4, provides some insight 
into the red-shift of the pyrazineH+ transition. Clearly, there are other structural
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Adiabatic excitation energy / cm-1
F ig u r e  7 .3 : Experimental adiabatic excitation energies measured from the pho­
todissociation action spectra recorded in this study. The asterisk (*) shown for 
pyridineH+ indicates that this is the photon energy at which the first intense 
vibronic feature was observed that was not assigned as the electronic origin. The 
value shown in parentheses is an approximate, experimental vertical excitation 
energy.
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F ig u r e  7 .4 : Comparison of the CASMP2(8,7)/aug-cc-pVDZ adiabatic excita­
tion energies predicted for pyrimidineH+ and pyrazineH+. The total electronic 
energy of each state is shown relative to the pyrimidineH+ ground state.
and electronic effects that influence these numbers, however, it remains a useful 
comparison. The high strength of the interaction between adjacent nitrogens in 
pyridazineH+ make it a significantly different ion for this comparison. This com­
parison of predicted values (shown relative to the total electronic energy of the 
pyrimidineH+ ground state) demonstrates that reductions in both ground state sta­
bility and excited state energy contribute to this red-shift. The magnitude of the 
ground-state effect is twice that of the decrease in excited state energy that arises, 
in large part, from the rearrangement of the molecular orbitals and its effect on the 
configuration interaction -  also the result of increased symmetry.
Finally, the last group of ions in Fig. 7.2 are the protonated quinolines (Chapter 
6). QuinolineH+ on the left and isoquinolineH+ on the right. Fusing a phenyl ring 
to a protonated pyridine cation lowers the energy of the electronic states signifi­
cantly. This is simply due to the larger configuration space and the smaller spacing 
between the wave function’s eigenvalues, as in the particle-in-a-box or, more rel­
evantly, the particle-in-a-ring models of quantum mechanics. This red-shift also 
pushes the higher energy S2 <1— S0 and S 3 —- S 0 transi t ions into the experimental pho­
ton energy range. The S2 <1— S0 t rans ition is only observed for the quinoline isomer 
and exhibits no resolved vibronic structure, the vertical excitation energy has been 
measured to be approximately 38 000 cm-1 and is indicated in Fig. 7.3. Electronic 
origins were measured for the S3 —- S 0 of b ot h isomers to be 42 100 and 42 500 cm-1 
for quinolineH+ and isoquinolineH+, respectively.
Throughout this study, electronic structure calculations have been used to in­
terpret the experimental results and have, in all cases, been critical to the key 
conclusions in each chapter. The CASSCF method has made useful predictions for
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F ig u r e  7 .5 : Correlation between the experimental adiabatic excitation energies 
and the predicted CASSCF energies for the monocyclic cations studied in this 
doctoral work.
all of the monocyclic ions explored in this doctoral work. When the spectral re­
sults can be reproduced with a conventional vibronic coupling model, the CASSCF 
method, with a double-^ basis set (aug-cc-pVDZ), has supported the entire spec­
tral analysis. This study thus provides a reasonable benchmark for this method 
and class of molecules. The active spaces used in this work have all comprised the 
occupied and unoccupied valence w orbitals and any occupied valence non-bonding 
(n) orbitals. A comparison of the predicted and experimental adiabatic excitation 
energies is shown in Fig. 7.5. The predicted energies are the difference between the 
Si and So MCSCF energies as reported by the Gaussian 09 software suite. Note 
that the experimental value for pyridineH+, shown with an unfilled marker, is the 
position of the first intense spectral feature and was not assigned as the electronic 
origin. The calculated values are overpredicted (blue-shifted), which is typical for 
calculations that neglect electron correlation, and this error is consistently ~4.66%. 
A function that incorporates this difference correlates the measured and predicted 
values in Fig. 7.5 well (R2 =  0.9923). This implementation of the CASSCF method 
does predict reliable excited state energies that can be shifted by +4.66% to correlate 
well with the experimentally determined values.
This study has explored, in detail, the photochemistry and electronic spec­
troscopy of nitrogen heterocycle cations that form the building blocks of larger 
molecules relevant in fields like biology and functional materials where the photo­
chemistry can play a crucial role. As a result of this study, further research can be 
conducted into these functional derivatives with a good foundation of knowledge for 
the behaviour and properties of the fundamental chemical units. The fundamen­
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tal measurements reported here will also provide a framework for the validation and 
benchmarking of new and current vibronic coupling theories and electronic structure 
methods. With regard to the elucidation of fundamental details, this study did have 
one major limitation: all of the ions, with the exception of pyridineH+ (Chapter 3) 
were investigated at ambient temperature. It is possible, and likely, that interesting 
photophysics occurs for the protonated pyridine derivatives, but does not manifest 
spectral fine details in the ambient-temperature spectra. Such details may be un­
covered by investigating cooled ions, which is not a capability of the instruments 
used in this study.
Protonated pyridine and other heterocyclic cations have been shown to exhibit 
rich dissociative photochemistry that follows observable structure-property trends. 
The wavelength-dependence of these processes have uncovered new photophysics 
and, in the case of pyridineH+, provide the first spectroscopic experimental evidence 
for excited state behaviour that has long been postulated to occur.
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Abstract. UV-vis photodissociation action spectroscopy is becoming increasingly 
prevalent because of advances in, and commercial availability of, ion trapping 
technologies and tunable laser sources. This study outlines in detail an 
instrumental arrangement, combining a commercial ion-trap mass spectrometer 
and tunable nanosecond pulsed laser source, for performing fully automated 
photodissociation action spectroscopy on gas-phase ions. The components of the 
instrumentation are outlined, including the optical and electronic interfacing, in 
addition to the control software for automating the experiment and performing 
online analysis of the spectra. To demonstrate the utility of this ensemble, the 
photodissociation action spectra of 4-chloroanilinium, 4-bromoanilinium, and 4- 
iodoanilinium cations are presented and discussed. Multiple photoproducts are detected in each case and the 
photoproduct yields are followed as a function of laser wavelength. It is shown that the wavelength-dependent 
partitioning of the halide loss, H loss, and NH3  loss channels can be broadly rationalized in terms of the relative 
carbon-halide bond dissociation energies and processes of energy redistribution. The photodissociation action 
spectrum of (phenyl)Ag2+ is compared with a literature spectrum as a further benchmark.
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Fig. S1 An illustration of the timing scheme developed to ensure that only a single laser pulse 
ever enters the ion trap per MS cycle. T is period of the pump laser and x is a programmable 
delay
The timing scheme, depicted in Figure S1, is governed by two quantities: T, the period of the 
pump laser (for a 10 Hz laser, T = 100 ms), and x, a programmable delay that when summed 
with the experimental delays, such as the shutter initialization time (~10 ms), is 
approximately 0.5T. The importance of these two quantities will be explained below. The 
events described in Figure S1 are only executed during one MS step within the MSn 
experiment and this corresponds to the isolation of the m/z range that will be irradiated. We 
will refer to this as the photodissociation MS (PD-MS) step. The duration of PD-MS step is
2
configured on the instrument software to 2T + x by setting an activation time of the 
photodissociation target m/z with normalized collision energy of 0%. The QIT mass 
spectrometer’s trigger output pin is configured to deliver a +3.2 V trigger signal for the 
duration of this MS step, as illustrated in Figure S1(i). This output from the QIT mass 
spectrometer is connected to the GATE terminal of the digital pulse generator. The digital 
pulse generator is operated in GATE mode and will only generate output pulses while a 
positive bias exists on the GATE terminal. In this way, the pulse generator is only active 
during this PD-MS step and dormant at all other times thus ensuring that the ion population is 
only irradiated at the desired MS stage of the MSn experiment. The duration of 2T + x also 
ensures that at least two laser pulses will be fired during the PD-MS step. The first pulse ( ! )  
functions solely as a trigger signal to open the shutter, and the second (♦ )  laser pulse enters 
the ion trap to irradiate the trapped ion ensemble. Ideally, this would also be true for a time of 
2T. However, the additional x ensures that both the PD laser pulse (♦ )  and the shutter open 
period are always fully enveloped by the PD MS step.
Figure S1(ii) illustrates the output of a photodetector targeted on diffuse scatter from the 
pump laser harmonic generation crystals at the 10 Hz rate of the pump laser. The output of 
this photodetector provides an electrical trigger signal corresponding to each laser pulse and 
is connected to the TRIGGER terminal of the pulse generator. Once the digital pulse 
generator is gated ON by the QIT mass spectrometer’s trigger pulse, illustrated in Figure 
S1(i), the next pulse from the photodiode ( ! )  is recognized by the digital pulse generator, 
which is configured to pause for a delay of x and then pulse the shutter controller for a period 
of 2T + x. Figure S1(iii) depicts the pulse generator output sent to the shutter controller and 
Figure S1(iv) describes the shutter open signal sent from the shutter controller to the shutter. 
The extra T + x duration of (iii) compared to (iv) ensures that the positive bias remains on the 
shutter controller trigger terminal for the remainder of the PD-MS step and that the shutter
3
controller will open for only one pulse (♦ ), Figure S1(v). After this 2T + x duration, further 
MSn processes can then be undertaken in the ion trap or the photo-irradiated ion ensemble 
can be scanned out to acquire a PD mass spectrum.
Control Software and Procedure
Firstly, a method file was created within the Xcalibur software package. This method file 
defines the acquisition time, the number of steps within the MSn experiment, the location of 
the relevant MS tune file (that contains the MS experimental parameters) and instructs the 
mass spectrometer to wait for a 5 V TTL trigger on the peripheral START IN port (known as 
contact closure) before commencing further. The acquisition time dictates the number of PD 
mass spectra to be averaged at each wavelength.
A sequence is a feature of the Xcalibur software package that directs the mass spectrometer 
to acquire a series of successive mass spectra. This feature is used to automate the collection 
of mass spectra from multiple samples -  these might typically be successive liquid 
chromatography samples. For the application described here, each sample corresponds to a 
different OPO laser wavelength. Once a sequence is initiated (by a contact closure event), 
mass spectra are acquired in succession for each wavelength. This external control afforded 
by the contact closure feature is vital to control the commencement of mass spectrometer 
operations.
For each laser wavelength, a corresponding PD mass spectrum is acquired and saved to a data 
file. These files are labeled according to a base file name and the scan number of the 
sequence (e.g. scanOl.raw). Each file is created at the beginning of its respective acquisition 
and the operating system grants only local processes access to the file while the data is being 
collected and written. Thus a file cannot be accessed across a network connection until all 
data is collected and written. By running our LabView software on one PC and the mass
4
spectrometer software on a second PC, temporal synchronization between the LabView 
program and QIT mass spectrometer is achieved. Alternatively, adjacent to the contact 
closure pins are two pins labeled ready out. By default the resistance between these pins is 
high and when the LTQ is awaiting a contact closure trigger the resistance drops. Applying a 
small bias to one pin and probing the voltage on the other detects the precise moment the 
LTQ is ready for another scan, allowing temporal synchronization of other hardware.
At the commencement of a new experiment, the method and sequence files are created in the 
Xcalibur software; the m/z of the parent ion, the m/z range of the expected photoproducts, the 
initial and final laser wavelengths and the increment step size are entered into the LabView 
program. The Xcalibur software then awaits the TTL contact closure pulse. The LabView 
program initializes the OPO hardware and loads the relevant OPO configuration and 
calibration files. The OPO is tuned to the start wavelength and then a contact closure event 
sent to the mass spectrometer using a USB analogue to digital converter (National 
Instruments USB-6008). This triggers the mass spectrometer to acquire the first mass 
spectrum in the sequence corresponding to the first wavelength of the PD action spectrum. 
During the acquisition of this mass spectrum, the LabView software repeatedly attempts to 
open the MS data file. As the operating system denies remote access to this file during 
acquisition, as mentioned above, this file operation fails and loops until the MS acquisition is 
complete. Once complete, the file can be opened successfully, indicating the end of the mass 
spectrum acquisition for the current laser wavelength. The LabView control software 
proceeds by then tuning the OPO to the next wavelength while Xcalibur maintains the LTQ 
at idle in wait for the next contact closure trigger. Once the OPO arrives at the desired 
wavelength a contact closure trigger is generated by the LabView program initiating the next
5
MS acquisition. The LabView program then repeats this procedure, stepping through all the 
laser wavelengths required until the end wavelength is reached.
During the acquisition of each mass spectrum, the data from the previous mass spectrum is 
analyzed by integrating the areas under the peaks corresponding to the photoproduct ions and 
normalizing to the total ion count. Throughout the experiment the analyzed data is displayed 
as an evolving PD action spectrum within the LabView program. A screen shot of the 
LabView control program interface that automates the PD action spectra acquisition is shown 
in Figure S2.
Fig. S2 Representative screenshot of the LabView application during the acquisition of a 
photodissociation action spectrum with parameters of the acquisition, both for the QIT mass 
spectrometer and the OPO laser. Stacked mass spectra to be analyzed for the previous 
wavelength are shown (bottom right), here there are ~130 individual mass spectra for one
6
OPO laser wavelength. The evolving photodissociation action spectrum is shown (bottom 
left).
7
Fig. S3 CID mass spectra recorded at 25 normalized collision energy for a) 4-chloroanilinium, 
b) 4-bromoanilinium and c) 4-iodoanilinium
8
Fig. S4 Representative OPO power curves recorded at the ion trap entrance. The blue curve is 
the power when the OPO signal is frequency doubled, secondary harmonic generation, and 
the red curve is the power when the frequency doubled OPO signal is mixed with residual 
Nd:YAG 1064 nm light, sum frequency mixing.
9
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The S1 ^  So electronic transition of the N -pyridinium ion (C5H5NH+) is investigated using ultraviolet 
photodissociation (PD) spectroscopy of the bare ion and also the N2-tagged complex. Gas-phase 
N -pyridinium ions photodissociate by the loss of molecular hydrogen (H2) in the photon en­
ergy range 37 000-45 000 cm- 1 with structurally diagnostic ion-molecule reactions identifying the 
2-pyridinylium ion as the exclusive co-product. The photodissociation action spectra reveal vibronic 
details that, with the aid of electronic structure calculations, support the proposal that dissociation 
occurs through an intramolecular rearrangement on the ground electronic state following internal 
conversion. Quantum chemical calculations are used to analyze the measured spectra. Most of the 
vibronic features are attributed to progressions of totally symmetric ring deformation modes and 
out-of-plane modes active in the isomerization of the planar excited state towards the non-planar 
excited state global minimum. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/L4904267]
I. INTRODUCTION
The N-pyridinium ion (C5H5NH+) is the archetype 
protonated aromatic nitrogen heterocycle. Aromatic nitrogen 
heterocycles are ubiquitous in nature as the building blocks 
of biomolecules including the nucleobases and certain amino 
acid residues. Because photochemistry underlies the function 
of many biomolecules and can initiate DNA damage and 
thus cause disease,1,2 there is significant interest in the 
ultraviolet (UV) photochemistry of aromatic heterocycles 
relevant to biology.3-5 It is postulated that the deactivation 
of excited DNA molecules may involve local, “monomer­
like” processes2 reinforcing the importance of understanding 
the photochemistry of the molecular subunits comprising 
larger biologically relevant compounds. As many amino 
acids may become protonated at physiologically relevant pH, 
and because hydrogen-bonding in the base-pairing process 
imposes a protonation effect onto the nitrogen atom, insight 
into the photochemistry of protonated nitrogen heterocycles 
aids in understanding biologically relevant photochemistry. 
Several recent studies demonstrate that characterizing the 
gas-phase quantum dynamics and photochemistry of isolated 
biomolecules provides insight into their condensed phase 
behaviour.2,5-8
Beyond Earth, protonated aromatic compounds are postu­
lated to carry unassigned interstellar absorption bands and it 
has been suggested that aromatic nitrogen heterocycles are 
present within interstellar media.9,10 Pyridine derivatives have
a) Electronic mail: csh297@uowmail.edu.au
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been detected in meteorites11,12 and may exist in extraterrestrial 
atmospheres.13,14 It is also proposed that nitrogen heterocycles 
may have been involved in the chemical origin of life.10,15
Given the importance and relevance of protonated aro­
matic nitrogen heterocycles, it is perhaps surprising that many 
of the electronic, spectroscopic, and photochemical properties 
are not fully understood for the simplest molecule in this 
class, the N-pyridinium ion. Neutral (unprotonated) pyridine 
is planar and well characterized in its ground electronic 
state,16- 19 when excited to its lowest singlet n* ^  n electronic 
state (S2) the planar geometry is destabilized. Like many 
other small aromatics,20- 22 electronically excited pyridine can 
access a pathway towards a non-planar, prefulvenic valence 
isomer along a coordinate that ultimately couples to the 
ground electronic state.17,23- 25 This behaviour is a familiar 
feature in the deactivation of electronically excited aromatics
and has been observed experimentally for pyridine.17,23,26,27 
While control over this transformation may have promising 
synthetic applications,28 it presents a significant spectroscopic 
challenge. The rapid and efficient deactivation manifests in 
fluorescence quenching,8,29- 31 short excited state lifetimes, 
and lifetime-broadened absorption profiles.17,23,32 Intersystem 
crossing (ISC) throughout the manifold of singlet and triplet 
states of both n* ^  n and n* ^  n character is also rapid 
in accordance with El-Sayed’s rules.17,30,33 Furthermore, 
additional complications arise due to the overlap of the two 
lowest n* ^  n states (S1 and S3) and the S2 n* ^  n electronic 
band, congesting the absorption spectra.16,17,32
Protonation of pyridine minimally perturbs the n sys­
tem while constraining the non-bonding nitrogen lone pair 
electrons to the covalent N-H bond. This removes the n* ^  n
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states from the electronic manifold. Consequently, the first 
(and only low-lying) electronic transition (Si ^  So) of the 
N-pyridinium ion is analogous to the S2 ^  S0 transition in 
neutral pyridine and intersystem crossing to T1 (n* ^  n) is now 
spin-orbit forbidden. It has been shown that, when compared 
to the S2 state of neutral pyridine, the S1 state of the N - 
pyridinium ion is subject to the same rapid and efficient excited 
state deactivation along a non-planar coordinate17 and that the 
absorption spectrum is essentially unshifted.17,32
The positive charge afforded by protonation allows the 
N-pyridinium ion to be interrogated using mass spectrometry- 
based spectroscopy techniques such as photodissociation (PD) 
action spectroscopy and this is the focus of the current paper. 
A PD action spectrum of the N-pyridinium ion recorded using 
a Fourier-Transform Ion Cyclotron Resonance (FT-ICR) mass 
spectrometer and a series of diffuse light sources was recorded 
almost four decades ago.32 This investigation revealed that 
gas-phase N-pyridinium photodissociates through the loss 
of molecular hydrogen (H2) following UV excitation. The 
PD action spectrum obtained for this dissociation process 
exhibited a broad electronic band centered upon the vapor- 
phase S2 band of neutral pyridine. However, this spectrum 
was recorded with a coarse wavelength increment and no 
vibronically resolved structure was observed.
In the present study, the photodissociation and spec­
troscopy of the N-pyridinium ion and its C5H5ND+ (d1) 
and C5D5NH+ (d5) isotopologues are investigated across the 
photon energy range 37 000-45 000 cm-1 (270-220 nm) using 
two different experimental arrangements. Consistent with 
previous studies, the dominant photoproduct is the loss of 
molecular hydrogen and the coproduct is investigated using 
structurally diagnostic ion-molecule reaction kinetics and elec­
tronic structure calculations, revealing the 2-pyridinylium ion 
as the exclusive coproduct (Fig. 1). The spectra recorded in this 
region reveal a broad electronic band exhibiting vibronically 
resolved structure. An electronic spectrum has also been 
recorded for N-pyridinium ions tagged with N2 molecules 
that exhibit more cleanly resolved vibronic structure. These 
spectra are analyzed with the aid of comprehensive quantum 
chemical calculations through which it is shown that the 
excited state prefers a buckled, prefulvenic geometry. While 
totally symmetric ring-deformation modes prevail in the main 
progression, the spectrum is influenced by this non-planar 
distortion resulting in spectral fine structure, including a 
prominent low-frequency doublet, that is superimposed on the 
main progressions.
H H H
m/z 80 m/z 78
FIG. 1. The N-pyridinium ion photodissociates to form the 2-pyridinylium 
ion and molecular hydrogen following ultraviolet excitation in the region 
37  0 0 0 -4 5  0 0 0  cm-1 (2 7 0 -2 2 0  nm).
II. EXPERIMENTAL METHODS
The electronic spectroscopy of the N-pyridinium cation 
was obtained using two different experimental strategies. The 
first instrument is located at the University of Wollongong and 
utilizes a commercial ion trap and a tunable UV laser to acquire 
PD mass spectra of ambient-temperature ions generated 
by electrospray ionization (ESI).34 The second instrument, 
situated at The University of Melbourne, comprises a custom 
tandem mass spectrometer that generates and mass selects 
weakly bound pyridine-N2 dimers, with N2 serving as an 
inert tag molecule, that are irradiated by a counter-propagating 
tunable UV laser pulse.35 Overviews of both instruments are 
given here, more detailed descriptions can be found in the 
aforementioned references.34,35
A. Ion trap photodissociation action spectroscopy
The first instrument is a linear quadrupole ion trap 
(QIT) mass spectrometer (Thermo Fisher Scientific LTQ) 
coupled to a tunable optical parametric oscillator (OPO) laser 
system (GWU-Lasertechnik flexiScan) pumped by the third 
harmonic (355 nm) of a 10 Hz, ~5 ns pulsewidth Nd:YAG 
laser (Spectra-Physics QuantaRay INDI). The linewidth of 
the OPO system is 4-11 cm-1 corresponding to a resolution 
limit of approximately 0.05 nm in the UV range of interest. 
[M+H]+ or [M+D]+ cations of pyridine (C5H5N) and d5- 
pyridine (C5D5N) were generated by electrospray ionization 
of methanol (CH3OH) or d1-methanol (CH3OD) solutions of 
the precursor. Ions in the QIT are expected to be thermalized 
to near-ambient temperature (307 ± 1 K)36 through collisions 
with the helium buffer gas (2.5 x 10-3 Torr). The target ion m/z 
is then isolated with all other ions ejected. A single laser pulse 
from the tuneable OPO irradiates the trapped ions along the 
principal axis of the ion trap. Ions are then scanned out of the 
QIT and detected to record a photodissociation mass spectrum. 
A photodissociation yield is calculated as the ratio of the 
photoproduct peak (or peaks) area to the total ion count (TIC). 
The OPO is then stepped to the next wavelength (AX = 0.1 nm) 
and the process repeated. The photoproduct yield is plotted 
as a function of wavelength to construct the photodissociation 
action spectrum. The PD action spectra reported here are the 
average of three complete spectra using a wavelength step size 
of 0.1 nm with ~80 mass spectra (30 s of acquisition time) 
averaged at each wavelength.
Reagent grade pyridine (min. 99%) and HPLC grade 
methanol (min. 99.7%) were purchased from Thermo Fisher 
Scientific. Methanol-d1 and pyridine-d5 (both 99.5 atom % 
D) were purchased from Cambridge Isotope Laboratories 
(Andover, MA).
B. Resonance-enhanced photodissociation 
spectroscopy
The second instrument is a custom-built tandem mass 
spectrometer that couples to a tunable OPO laser sys­
tem (Opotek Vibrant, line-width of ~5 cm-1). Gas-phase 
pyridinium-N2 complexes were prepared by seeding pyridine 
into a supersonic expansion of a N2/H2 gas mixture subjected
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to electron bombardment. N2 was chosen as a tag molecule 
rather than the more inert argon atom as the pyridinium ion 
(C5H5NH+) is isobaric with Ar+ (m/z = 80). The target ion 
complex was mass-selected by a quadrupole mass filter and 
deflected by a 90° quadrupole bender into an octopole ion 
guide. Here, the C5H5NH+-N2 ions were irradiated with the 
counter-propagating light pulse from the OPO. When the 
photon energy was resonant with a vibronic transition of 
the complex, the weak non-covalent pyridinium-N2 bond was 
severed to yield the bare pyridinium ion and the neutral N2 
molecule. Following irradiation, the ions pass through a second 
quadrupole mass filter tuned to pass the bare pyridinium 
ion (m/z = 80) to the ion detector. This measurement is 
repeated at each wavelength. The resulting spectrum reports 
the photofragment signal as a function of wavelength. Because 
the weak pyridinium-N2 intermolecular bond is broken when 
the dimer possesses excess thermal energy, and because the 
interaction between the pyridinium ion and the N2 molecule is 
relatively weak, the spectra acquired using this instrument 
should approximate the absorption spectrum of the cold 
pyridinium ion, although the bands will be shifted due to the 
attached N2 molecule. It is shown in Sec. IV B that the N2 tag 
has a minor effect on the spectrum and photochemistry of the 
pyridinium ions.
III. COMPUTATIONAL METHODS
A. Franck-Condon (FC) analysis using Cartesian 
coordinates and complete-active-space 
self-consistent-field (CASSCF) electronic-structures
CASSCF37- 42 electronic-structure calculations were per­
formed using the Gaussian 0943 suite. In each case, a Dunning- 
type44 augmented45,46 correlation-consistent polarized valence 
double-Z (aug-cc-pVDZ) basis set was used with an active 
space comprising the six valence n orbitals (3 occupied, 3 
unoccupied) and 6 active electrons. PGOPHER47 7.1 was used 
to simulate vibronic FC absorption spectra from the CASSCF 
geometries and normal modes. The Wilson numbering conven­
tion for the normal modes of benzene is used to describe the 
in-plane skeletal ring deformation modes of the N-pyridinium 
ion.
B. Franck-Condon analysis using internal coordinates 
and time-dependent density functional theory 
(TD-DFT) electronic-structures
Gaussian 09(c01)43 was used to perform TD-DFT48-54 
electronic structure calculations using the aug-cc-pVDZ basis 
set44-46 and the CAM-B3LYP55 functional: a long range- 
corrected version of the B3LYP hybrid functional. Because 
the nuclear displacements between electronic states were 
large, the normal mode analysis was conducted in redun­
dant internal coordinates employing a procedure described 
elsewhere.56 Briefly, the force constant (Hessian) matrix 
was read in from the Gaussian 09 log file using a custom 
FORTRAN program. The normal modes were transformed to 
orthonormal internal coordinates and the Duschinsky rotation 
matrices were calculated using the formalism of Reimers.56
The structures of a symmetry-enforced, planar excited state, 
and the ring-buckled global minimum were projected onto 
the b1 normal modes of the former. A potential energy 
surface was then constructed by the curvilinear interpolation 
between the two structures. The eigenvectors were calculated 
using harmonic normal mode analysis with a perturbation 
theory anharmonicity correction and the effective harmonic 
frequency of the ground electronic state was determined by 
calculating the Duschinsky matrix (in rectilinear coordinates) 
between the planar excited state and ground state and multi­
plying it by the b1 displacement vector. As the displacements 
had been transformed into a normal mode basis, they were 
used to directly calculate vibrational overlap integrals and 
Franck-Condon factors from which transition electric dipole 
moments were calculated and the spectrum simulated.
C. Energy calculations
The energy scheme of the ground state dissociation pro­
cess was generated using zero point energy (ZPE)-corrected 
energies computed using the Complete Basis Set (CBS)-QB3 
CBS method57-64 within the Gaussian 09 software.43
IV. RESULTS AND DISCUSSION
A. Photodissociation mass spectrometry and action 
spectroscopy (Wollongong experiment)
The PD action spectrum of the pyridinium cation 
(C5H5NH+) was constructed from PD mass spectra ac­
quired across the photon energy range 37 000-45 000 cm-1 
(270-220 nm). To assist with spectral assignments, equivalent 
PD action spectra were also acquired for the C5H5ND+ (d1) 
and C5D5NH+ (d5) isotopologues. Representative PD mass 
spectra, acquired using a photon energy of X = 250 nm, are 
presented in Fig. 2.
m/z
FIG. 2. Photodissociation mass spectra (X = 2 5 0  nm) of the three N- 
pyridinium isotopologues: (a) C5H5NH+, (b) C5H5ND+, and (c) C5D5NH+. 
The black diamonds indicate ions resulting from the addition of water (18 
Da) to the photoproducts.
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The dominant photodissociation pathway is the even- 
electron loss of molecular hydrogen as either H2, HD, or 
D2 according to the deuteration of the precursor cation. 
As reported by Freiser and Beauchamp,32 unlabelled pyri- 
dinium (m/z = 80) photodissociates by H2 loss to form a 
photoproduct ion at m/z = 78 (Fig. 2(a)). In this study, 
the m/z = 78 photoproduct ion population was identified as 
exclusively the 2-pyridinylium isomer by structurally diag­
nostic ion/molecule reaction kinetics (described in the sup­
plementary material,65 Sec. 3). Singly deuterated pyridinium 
(m/z = 81) loses both HD and H2 to yield photoproduct ions 
at m/z = 78 and 79 (in a 1:8 ratio) following ultraviolet 
excitation (Fig. 2(b)) whereas d5 pyridinium (m/z = 85) loses 
HD and D2 to yield m/z = 82 and 81 photoproduct ions 
in a 2:3 ratio (Fig. 2(c)). The distribution of photoproduct 
isotopologues in Fig. 2 is likely to be affected by intramolec­
ular hydrogen/deuterium (H/D) scrambling following excita­
tion and preceding photodissociation. H/D scrambling is a 
familiar feature of aromatic photoactivation, often occurring 
on a microsecond timescale.66,67 Minor peaks corresponding 
to the addition of background water occur 18 Da higher in 
mass than the dominant photoproduct and are labelled with 
black diamonds. These water addition signals scale linearly 
with the photoproduct signals and the action spectra reported 
herein include these peaks in the calculation of PD yields. 
There is also evidence for a minor photodissociation channel 
consistent with the loss of HCN (27 Da); the magnified 
peak corresponding to these ions at m/z = 53, 54, and 58 in 
Fig. 2(a), Fig. 2(b), and Fig. 2(c), respectively. This minor 
peak was not included in the calculation of PD yields for 
construction of PD action spectra.
Photodissociation action spectra acquired across the photon 
energy range 37 000-45 000 cm- 1 (270-220 nm) are presented 
for the pyridinium d0 and d1 isotopologues in Fig. 3(a) and 
Fig. 3(b), respectively. The spectra exhibit minor intensity 
differences but are generally similar. Both spectra contain a 
single, vibronically structured electronic band spanning the 
experimental photon energy range. These bands have an onset 
at around 37 500 cm- 1 and exhibit a sharp feature, labelled A, 
at 38 530 cm- 1 for N-pyridinium-d0 and 38 560 cm- 1 for the 
d 1 isotopologue. This feature is the first member of a doublet 
with the second member (labelled B) occurring at A + 90 cm- 1. 
The other intense feature is labelled C and occurs at A + 
260 cm- 1. There is also a pronounced low-energy shoulder at 
A -  100 cm- 1, labelled D. This set of four features is repeated 
515 cm- 1 higher in energy. It is known from a previous study of 
the N-methylpyridinium ion67 and from simulations presented 
later that this ~500 cm- 1 spacing corresponds to one quantum 
of the v6 (Wilson notation) ring-deformation mode. These 
eight features (two sets of four peaks) are repeated at least 
four times at +965 cm- 1 intervals and this is rationalized as 
a progression of the v1 ring-breathing mode with at least 5 
sequential quanta resolved. No significant anharmonicity is 
measured at four quanta of excitation (the spacing between 
consecutive v1 excitations is included in the supplementary 
material,65 Fig. S1).
The d5 spectrum is included in the supplementary 
material65 (Fig. S2) and also reveals a single electronic band, 
although noticeably redshifted and more congested. Most of
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FIG. 3. Photodissociation action spectra of the (a) C5H5NH+ and (b) 
C5H5ND+ N-pyridinium isotopologues. The normalized yields of the pho­
toproducts in Fig. 2  are plotted as a function of photon energy and vibrational 
progressions in the 1B 2 ^  1A 1 band are labelled. The insets show magnified 
portions of the spectrum around the first four unique spectral features.
the spectral features present in the d0 and d 1 spectra persist, 
but are suppressed, particularly at the lower energy part of 
the spectrum. The assignments for the d5 spectrum are less 
certain than for the d0 and d 1 spectra. The d5 PD action 
spectrum also exhibits a progression built upon the v1 mode, 
however, the frequency is reduced to about 930 cm- 1. The 
90 cm- 1 doublet (A) is clearly resolved for the first five 
nv1 bands, however, the nv1 + 1v6 bands are poorly resolved. 
The doublet feature is resolved for the 1v1 + 1v6 band and 
is indicated with a black triangle in Fig. S2. The decreased 
wavenumber of the progression-building mode is consistent 
with its assignment as v1—deuterating the ring increases 
the reduced mass of the deformation. The photodissociation 
process is discussed in more detail in Sec. IV D.
To ensure that the observed widths of the spectral 
features were not limited by the OPO linewidth (4-11 cm- 1), 
a portion of the spectrum (39 000-39 800 cm- 1) was recorded 
using a dye laser with a linewidth of ~0.05 cm- 1 (ca. 100x 
narrower). Details of the laser system and the measured 
spectra are included in the supplementary material65 (Fig. 
S7). Spectra acquired using the OPO and the dye laser are 
almost identical with regard to peak positions, intensities, and 
bandwidths. Thus, the recorded spectrum reflects the prop­
erties of the trapped pyridinium ions and is not influenced by 
the linewidth of the photon source.
The PD action spectra in Fig. 3 are surprisingly detailed 
and the energy differences between many of the spectral fea­
tures, e.g., B-A and A-D, are likely too low (<100 cm- 1) to 
be attributed to harmonic normal mode frequencies. To assist 
with the interpretation, complementary spectra were acquired
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using resonance-enhanced photodissociation spectroscopy of 
N2 tagged pyridinium ions.
B. Resonance-enhanced photodissociation of 
pyridinium-N2 ions (Melbourne experiment)
Fig. 4(a) presents the resonance-enhanced photodissocia­
tion spectrum for the N2-tagged d0 pyridinium ion across the 
photon energy range 37 000-45 000 cm-1 (270-220 nm), the 
comparison to a simulated stick spectrum and assignments 
will be discussed later. When compared to the spectrum in 
Fig. 3(a), all of the previously identified features occur at 
almost the same photon energies. Importantly, this verifies 
that the closely spaced features in the tagged case are unlikely 
to be due to intermolecular modes. The N2-tagged resonance- 
enhanced photodissociation spectrum is generally less con­
gested and the onset is sharper than for the untagged species 
(Fig. 3(a)). Irradiation of the N2-tagged species also results in 
-  [N2 + H2] photoproducts, and the PD action spectrum for this 
channel is shown in Fig. 4(b). The details in this spectrum 
line up with the features in Fig. 4(a) but the intensity profile 
is closer to that of the untagged molecule in Fig. 3(a). The 
photodissociation yield (i.e., loss of H2 or [N2+H2]) increases 
with photon energy for both the tagged and untagged species. 
The suppression of the doublet in the spectrum of the tagged 
complexes (Fig. 4) compared to the spectrum of untagged 
complexes (Fig. 3) is particularly notable. The presence of the
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FIG. 4. (a) Electronic spectrum of the N2-tagged N-pyridinium weakly 
bound dimer obtained by monitoring the yield of the bare ion following ultra­
violet irradiation. The experimental spectrum is compared to a stick spectrum 
based on CASSCF(6 ,6)/aug-cc-pVDZ calculations and Franck-Condon simu­
lations. (b) Photodissociation action spectrum of the N2-tagged N-pyridinium 
complex monitoring the - [N 2 +H2 ] channel.
neutral N2 tag may subtly affect the Huang-Rhys factors (and 
thus the transition line strengths) of the states in the bending 
potential. It is expected that the neutral tag will have a minor 
effect on the band spacings and intensities but may lead to a 
uniform shift of the spectral features. The first intense feature 
(A00 in Fig. 4) occurs at 38 532 cm- 1 in the spectra of the 
N2-tagged complex and at 38 536 cm- 1 in the spectra of the 
untagged ions (Fig. 3). This difference is less than the photon 
energy increment in this region (~15 cm- 1) and, within these 
experimental limitations, tagging a pyridinium ion with N2 
does not result in a significant bandshift.
C. Spectrum analysis
Two different approaches were used to simulate the 
vibronic absorption spectrum of the N -pyridinium ion and 
assign the main features. Both approaches are summarized 
briefly here and in detail in Subsections IV C 1 and IV C 2. 
The first was a conventional normal-mode analysis in Carte­
sian coordinates at planar geometries using the results 
of CASSCF electronic-structure calculations employing an 
active space comprising the six valence n orbitals (three 
occupied, three unoccupied). The second method for simu­
lating the vibronic spectrum utilized TD-DFT electronic 
structures and a detailed normal-mode analysis in curvilinear 
coordinates and at non-planar geometries.
The PD action spectrum of the N2-tagged N-pyridinium 
cation was presumed to correspond to the vibronic absorption 
spectrum. This is likely to be the case because loss of the 
weakly bound tag N2 molecule should occur following either 
internal conversion (IC) from the S1 state or fluorescence into 
ground state vibrational levels lying above the dissociation 
threshold. As is apparent from the spectra shown in Figs. 
3 and 4(b), the intensities of the lower transitions are 
suppressed when PD spectra are recorded by monitoring 
channels involving loss of H2.
1. Franck-Condon analysis using Cartesian 
coordinates and CASSCf  electronic-structures
The electronic transition under consideration is of n* ^  n 
character and is known, in the condensed phase, to populate the 
11B2 (C2v) state,16 which derives from the 11B2u state in ben­
zene. This band is a commonly observed feature in aromatic 
spectroscopy and appears at around 260 nm for most six- 
membered aromatics68 and azabenzenes,19 including neutral 
and protonated pyridine17,32 and N-methylpyridinium.67 Due 
to the n* ^  n nature of the transition, and because all of the 
ion’s valence electrons are constrained to covalent bonds, an 
active space made up of the six valence n orbitals (three 
occupied, three unoccupied) was chosen for the CASSCF 
calculations. In a recent study,67 similar calculations on 
the N-methylpyridinium ion reproduced the main vibronic 
features present in the experimental PD action spectrum. 
The CASSCF(6,6)/aug-cc-pVDZ method predicts a stable 
planar S1 excited state with an adiabatic excitation energy 
of 40 500 cm- 1, which is 2000 cm- 1 above the first intense 
feature in the experimental spectrum. CASSCF energies are 
often higher than the experiment and this is commonly adjusted
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FIG. 5. Schematic representation of the totally symmetric (a j )  v 1 and V6 
modes (Wilson notation) of the N-pyridinium ion showing only the heavy 
nuclei (C and N). The arrows indicate the direction, but not the magnitude, of 
displacement.
by the inclusion of electron correlation through a perturbation 
theory correction to the MCSCF energy (e.g., CASPT2).
The room-temperature Franck-Condon absorption spec­
trum was simulated using the PGOPHER program.47 Vibra­
tional modes were successively included in the simulation 
in order of decreasing calculated FC activity, until the 
simulated spectrum was no longer significantly affected. 
Normal modes were restricted to 5 quanta of excitation in 
each electronic state. A total of four modes, all in-plane and 
totally symmetric (aj) were included although the simulated 
spectrum is ultimately dominated by the two modes (vj and 
v6) represented in Fig. 5. The simulated stick spectrum (based 
on the assigned “A” origin) is compared to the experimental 
resonance-enhanced photodissociation spectrum in Fig. 4(a); 
the calculated transitions are labelled above the profile of 
the experimental spectrum. This simulation supports the 
assignment of vj as the progression building mode and v6 as 
responsible for the second set of four peaks. These two modes 
account for most of the intense vibronic structure, however, 
the doublet feature (“B” in Fig. 3), the low-energy shoulder 
(“D” in Fig. 3), and the additional feature at AÔ  + 260 cm-1 
(“C” in Fig. 3) are not predicted by this simulation.
It will be shown in Sec. IV C 2 that the electronic 
excited-state minimum has a non-planar geometry, contrary 
to these CASSCF predictions. Nevertheless, they serve as a 
valuable starting point as they provide a bound excited state 
geometry that approximates the initially prepared Franck- 
Condon state. To understand the finer features of the spec­
trum, further analysis is needed.
2. Franck-Condon analysis using internal coordinates
and TD-DFT electronic-structures
TD-DFT calculations employing the CAM-B3LYP func­
tional and the aug-cc-pVDZ basis set predict a planar ground
electronic state but a significantly non-planar Sj excited state
minimum. The buckled geometry of this optimized excited
electronic state is included in the supplementary material65
described in terms of Cartesian coordinates (Sec. 6) and is
represented schematically in Fig. 6. This geometry involves
significant pyramidalization of the nitrogen atom to a distance
0.64 A out of the ring plane and a puckering of the ring such
that the para-carbon is raised 0.13 A above the ring plane.
This valence isomer is reminiscent of prefulvenic isomers
formed in the deactivation of other aromatics including
benzene21 and neutral pyridine2 *17 and it will be shown that
this displacement, and the corresponding electronic potential
FIG. 6 . Schematic representation of the N-pyridinium excited electronic state 
minimum structure as predicted by the CAM-B3LYP/aug-cc-pVDZ method. 
The annotated distances are the length of the vectors normal to the ring plane.
energy landscape, may be responsible for the unassigned fine 
structure in the experimental PD action spectra.
To approximate the “vertical” Franck-Condon excited 
state geometry, the minimum energy C2v structure was 
calculated by optimizing the geometry of a C2v symmetry- 
constrained excited state, leading to a second-order saddle 
point (Cartesian coordinates and normal modes included in the 
supplementary material,65 Sec. 6) and a barrier to planarity 
of almost 2000 cm-1. The potential energy curve for this 
isomerization, shown in Fig. 7, was constructed by interpolat­
ing between the optimized C2v geometry and the non-planar, 
prefulvenic excited state minimum in modified curvilinear 
coordinates (described in the supplementary material,65 Sec. 7). 
The reaction coordinate represents the minimum energy C2v 
structure at 0% and the non-planar global minimum at 100%.
To construct an adiabatic potential energy surface that 
can be used to simulate the electronic spectrum, the reaction 
coordinate in Fig. 7 was first projected beyond the global 
minimum structure to Q = Qc2„ + 1 .5(QCs -  Qc2„). Where Q is 
a set of normal coordinates and QC2v and QCs are the normal 
coordinates of the C2v and global excited state minima, 
respectively. Because the potential curve is symmetric (a 
projection of -Q  yields a pseudorotation of Q), the potential 
energy surface was reflected about the origin to construct the 
remaining half. The next step was to convert the length coor­
dinate to a useful scale. As previously described in Sec. IIIB , 
the curvilinear displacement of the excited state from the C2v 
minimum to the global minimum was projected onto the b1 
normal modes of the excited state C2v minimum. The normal 
mode corresponding to nitrogen pyramidalization comprised 
91% of the displacement and the ring-puckering mode 
made up 8%. The displacement vectors and contribution of
FIG. 7. Interpolated reaction coordinate for the isomerization of the elec­
tronically excited (S1) N-pyridinium ion. The markers indicate single point 
energies calculated along the coordinate.
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Q
FIG. 8. Dimensionless, normal-mode projected, double-well potential en­
ergy surface of the first N-pyridinium excited electronic state.
each b1 normal mode are included in the supplementary 
material,65 Table S1. Within this framework, the interpolated 
coordinate was rescaled to give the dimensionless normal­
mode projection shown in Fig. 8 .
To calculate the energy levels for the potential in Fig. 8, 
a single-exponential function was fitted to the data points 
where |Q| > 5, i.e., to the wall of the well. The potential 
energy surface was then extrapolated to a wall-height of 
105 cm- 1 and the entire potential was fitted by a 16th 
order polynomial. The vibrational wavefunctions were then 
expressed as a linear combination of 100 Hermite polynomial 
basis functions; the eigenvectors were found to be unchanged 
when 60 functions were used, thus confirming that the 
calculation had converged. The predicted pattern of energy 
levels is typical of a symmetric double-well potential energy 
curve; the energy levels occur in pairs—symmetric (red) and 
antisymmetric (blue) with respect to the coordinate Q—with 
the spacing between the levels of the pair increasing as the 
top of the barrier is approached.69 In this case, the first 
three pairs of energy levels are essentially degenerate and the 
splitting only becomes discernible near the top of the well.
In order to simulate the absorption spectrum, the 
Duschinsky rotation matrix between the planar (C2v) excited 
state and ground state minimum (included in the supple­
mentary material,65 Fig. S8) was calculated, in rectilinear 
coordinates, and used to rotate the b 1 displacement vector into 
the ground electronic state normal modes, from which the 
effective harmonic frequency of the ground state was calcu­
lated to be 627 cm- 1. Fig. 9 shows the adiabatic excited state 
surface and harmonic ground state overlaid with the TD-DFT 
transition electric dipole moments at each single point along 
the interpolation. It is apparent that the predicted transition 
probability is high about the top of the planarity barrier and 
that the states below the barrier are much less active in the 
absorption spectrum. This is perhaps unsurprising given the 
large geometry change but indicates significant breakdown 
of the Condon approximation [the transition moment can be
Q
FIG. 9. Excited electronic state (S1) dimensionless b 1 normal-mode pro­
jected displacement and (S0) harmonic ground electronic state displace­
ment (lines) overlaid with the CAM-B3LYP/aug-cc-pVDZ transition electric 
dipole moments (diamonds).
considered the product of an electronic transition moment 
(u) that is independent of nuclear coordinates and the square 
of a vibrational overlap integral (Franck-Condon factor)]. In 
this scenario, the true origin 00 transition is expected to be 
weak. As the displacements are defined in terms of normal 
modes, they can be used directly to evaluate vibrational 
overlap integrals and determine Huang-Rhys factors. Table I
TABLE I. Predicted energy levels of the b 1 normal-mode projected excited 
state displacement and the simulated transition electric dipole moments from 
a harmonic ground state. In bold are the transitions responsible for the four 
dominant predicted spectral features.
Energya/cm 1 Symmetry | n  |2/au
- 1 4 9 8 a \ 0.0000
- 1 4 9 8 b \ 0.0000
- 9 7 7 a 1 0.0000
- 9 7 7 b \ 0.0000
- 5 0 7 a 1 0.0002
- 5 0 7 b \ 0.0000
- 122 « 1 0.0348
- 1 1 9 b 1 0.0000
+53 « 1 0.6097
+144 b 1 0.0000
+257 « 1 0.2280
+404 b 1 0.0000
+566 « 1 0.0741
+741 b 1 0.0000
+931 a 1 0.0212
+ 1132 b 1 0.0000
+1345 a 1 0 .0053
+ 1586 b 1 0.0000
+ 1802 a 1 0.0012
+ 2046 b 1 0.0000
+ 2299 a 1 0.0002
+2561 b 1 0.0000
+ 2832 a 1 0.0000
aRelative to the S1 C2v minimum.
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FIG. 10. Comparison between (a) the experimental N2-tagged PD action 
spectrum in the vicinity of the electronic origin, (b) the absorption simulation 
using the CAM-B3LYP/aug-cc-pVDZ interpolated coordinate, and ((c) and 
(d)) the absorption simulations using the fitted quadratic potential energy 
surfaces and associated electronic transition dipole moments. The simulated 
peaks are the convolution of the predicted transitions with 3 0  cm-1 FWHM 
Gaussians.
reports the predicted transition electric dipole moments and 
symmetries for transitions into each energy level of the 
double-well potential from the harmonic ground state. Note 
that all allowed transitions involve even quanta changes 
(i.e., they are transitions to symmetric levels).
The single-mode, adiabatic simulation predicts that tran­
sitions to the lowest six vibrational levels will have negligible 
intensity. The transition probability increases sharply about 
the barrier to planarity (0 cm-1) before decreasing again 
and levels more than 1000 cm-1 higher in energy than the 
barrier of the double-well potential curve are essentially 
optically inactive. The most intense spectral feature predicted 
by this simulation is a Av = ~200 cm-1 doublet at +53 
and +257 cm-1. This is significant as it presents a ratio­
nale for closely spaced low-frequency doublet. Additional 
minor features are predicted 277 cm-1 lower in energy and 
411 cm-1 higher in energy from the centre of the doublet. 
Fig. 10 compares the first set of four features from the (a) 
experimental N2-tagged PD action spectrum, (b) the results 
of this single-mode simulation convoluted with 40 cm-1 
full-width half-maximum (FWHM) Gaussian functions, and 
((c) and (d)) equivalent simulations performed on mixed 
quartic/quadratic potential energy functions optimized to 
reproduce the experimental energy levels, discussed later. 
The intensity profile is similar for the first four features 
in the experimental spectrum and the first four significant
features in the simulation, however, the absolute energies 
differ consistently by a factor of two. This double-minimum 
model provides a rationalization of the low frequency spectral 
features that are not readily accommodated using vibronic- 
coupling scenarios that are typically descriptive of aromatic 
molecular spectroscopy. However, the twofold factor in the 
energy spacings needs to be addressed. As a check of the 
calculation, the predicted spacing between the first two a1 
energy levels of the interpolated potential (521 cm-1) should 
be close to the value of the harmonic TD-DFT frequency 
of the b1 nitrogen pyramidalization mode for the non-planar 
S1 minimum (530 cm-1). As these two values are similar, 
521 cm-1 and 530 cm-1, it indicates the two potentials are 
in close agreement around the non-planar minimum. The 
nitrogen pyramidalization normal mode for the non-planar 
S1 minimum is included in the supplementary material,65 
Sec. 6.3.
The specification of the interpolated coordinate upon 
which the single point energies in Fig. 7 are calculated 
is a rudimentary calculation, corresponding to an adiabatic 
scenario with no simple parameters that can be fitted to the 
experimental data. Other vibronic coupling and anharmonic 
interactions not considered here could account for these 
discrepancies, and would need to be included in a compre­
hensive simulation. Therefore, it is possible that the method 
employed above could overestimate the vibrational frequen­
cies by a factor of two. Variations between the interpolated 
potential energy coordinate in Fig. 8(a) and the actual poten­
tial energy curve may also explain the difference between the 
experimental data and the simulation in Fig. 10(b).
To explore whether the observed spectra features can be 
explained quantitatively by transitions to vibrational levels 
supported by a double well potential energy curve, we 
modelled the potential as a mixed quartic/quadratic function 
of the form V = A(Q4 + BQ2) that was optimized to reproduce 
the experimental eigenvalues in the Franck-Condon active 
region about the top of the barrier.69-71 This was performed in 
two ways. In the first case (Case 1), the barrier height from 
the interpolated coordinate was fixed and the equilibrium 
geometry (i.e., the equilibrium Q value) was unconstrained. 
The resulting function V = 0.3(Q4 -  160.3Q2), plotted in the 
supplementary material65 (Fig. S9(a)), exhibits minima at 
Q = ±8.95 implying either a difference in the mass of the 
coordinate or a minimum structure that is further displaced 
from a planar geometry. This quartic potential was used to 
simulate a Franck-Condon absorption spectrum according 
to the same formalism used previously. The major features 
predicted by this model (shown in Fig. 10(c) for the 00 and 
601 bands) compare well to the observed spectral features. In 
a second case (Case 2), the equilibrium Q value was fixed 
at Q = 5.2 (from the interpolated coordinate in Fig. 7) and 
the barrier height optimized, yielding the function V = 0.4 
(Q4 -  54.08Q2) (supplementary material65 Fig. S9(b)) with a 
lowered barrier height of 292 cm-1. The dominant spectral 
features simulated using this quartic potential are also 
compared to the experiment shown in Fig. 10(d). Both cases 
satisfactorily reproduce the experimental spectral features of 
the PD spectrum in Fig. 10(a). The first four features of the 
bare ion PD action spectrum compare well to those of the
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N2-tagged species (supplementary material65 Fig. S10). The 
assignments presented in Fig. 10 are tabulated with their peak 
positions in Table S4 in the supplementary material.65
It is obvious from Fig. 10 that a mixed quartic/quadratic 
potential energy function can be used to satisfactorily simu­
late the main features present in the experimental spectrum 
and, within this model, the hitherto unassigned features in 
the N-pyridinium electronic spectra can be attributed to 
the activity of out-of-plane b1 modes (particularly nitrogen 
pyramidalization) that are active in the isomerization from 
a planar excited state structure to a prefulvenic one. A 
more detailed calculation should include additional vibronic 
coupling interactions and diabatic electronic states (forgoing 
the interpolated coordinate).
D. Energy scheme for dissociation
It has been known for more than three decades that 
the gas-phase N-pyridinium ion photodissociates through the 
loss of molecular hydrogen following ultraviolet irradiation.32 
However, the only other electronic spectrum of which the au­
thors are aware was recorded at low resolution and exhibited 
no resolved vibronic structure.32 The spectra reported here 
exhibit vibronic detail and reflect the bound nature of the 
excited state. This suggests that the dissociation process may 
occur on the ground electronic state surface following IC. 
The spectra where the N-pyridinium ion is photodissociated 
(Fig. 4(b) and Fig. 3) have a more gradual onset than 
when the ion remains intact (Fig. 4(a)). This suggests that 
the photodissociation yield increases with photon energy.
This can be attributed to either an increase in the IC rate 
or dissociation of more highly energised ground state ions 
outcompeting collisional cooling (2.5 x 10- 3 Torr Helium 
^  ~6 x 104 collisionss- 1). As discussed in Sec. IV A, in 
comparison to the d0 and d1  spectra, the spectral features 
in the d5 spectrum are suppressed at low photon energies. 
Deuteration is known to greatly decrease the rate of radiation­
less transitions72 and it has been shown that skeletal bending 
and stretching vibrations are important participants in the 
internal conversion of aromatic nitrogen heterocycles.73 This 
observation may be consistent with an IC-mediated process. 
It is thus reasonable to propose that photodissociation occurs 
on the vibrationally activated ground electronic state surface 
following internal conversion.
Benzene is another aromatic compound that can photo- 
dissociate in the ultraviolet through the loss of H2 and this 
is proposed to occur by a 1,2-hydrogen migration followed 
by a 1,1-H2 elimination.74 N-pyridinium is isoelectronic 
to benzene and an equivalent ground state intramolecular 
rearrangement was explored for the N-pyridinium ion using 
the CBS-QB3 method. The potential energy diagram for the 
process is shown in Fig. 11.
The CBS-QB3 method predicts that the initial 1,2- 
hydrogen migration from the N-pyridinium ion occurs 
through a forward barrier of 72 kcal mol- 1 to form a structural 
isomer 60 kcal mol- 1 higher in energy that is stabilized 
with respect to the reverse reaction by 12 kcal mol- 1. The 
H2 dissociation energy is predicted to be 28 kcal mol- 1 
higher in energy than this intermediate and 88 kcal mol- 1 


















FIG. 11. CBS-QB3 potential energy 
+ scheme for the ground-state photodis-
|-| sociation of the N-pyridinium ion. The
photon energy range spanned by the PD 
action spectra is labelled on the vertical 
axis. The energies of the N -H  homoly­
sis and heterolysis photoproduct chan­
nels are also shown.
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final photodissociation process. As mentioned above, the 
2-pyridinylium isomer is confirmed to be the exclusive 
photoproduct channel by structurally diagnostic ion/molecule 
reaction kinetics (refer to the supplementary material65 
Sec. 3). Production of the unobserved N-H homolysis 
product is predicted to lie 121 kcalmol- 1 above the global 
minimum. The heterolysis/neutralization product, also not 
observed, is predicted to require 221 kcalmol- 1 for forma­
tion, 92 kcal mol- 1 above the upper limit of the experimental 
photon energy range (106-129 kcalmol- 1). The potential 
energy diagram calculated within the same scheme for the 
d5 ion is included in the supplementary material,65 Fig. S11, 
and predicts a HD dissociation energy of 90 kcal mol- 1.
V. CONCLUSION
Photodissociation action spectroscopy in the region 
37 000-45000 cm- 1 (270-220 nm) was used to charac­
terize the electronic spectrum of the N-pyridinium ion. 
Experiments were performed on both ambient-temperature 
bare ions and cooler N2-tagged ions using two different 
instrumental arrangements. It was found that, following ultra­
violet irradiation, N-pyridinium photodissociates through 
the loss of molecular hydrogen, H2, to form exclusively 
the 2-pyridinylium ion, a result confirmed by structurally 
diagnostic ion/molecule reaction kinetics. This dissociation 
is rationalized as proceeding on the ground state electronic 
surface following internal conversion. The first vibronically 
resolved, gas-phase electronic spectra are reported for the 
N-pyridinium ion and its C5H5ND+ and C5D5NH+ isotopo- 
logues. It was found that the ground electronic state is 
planar while the excited state adopts a significantly ring- 
buckled geometry. The vibronic detail in the electronic 
spectra is attributed to even quanta transitions of out-of-plane 
b1 normal modes that are active in this deformation and add 
to progressions in two totally symmetric ring-deformation 
modes that are built off a weak origin arising from the non­
planar minimum and consequent breakdown of the Condon 
approximation.
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ABSTRACT: The ultraviolet photodissociation of gas-phase N-methylpyridinium ions is 
studied at room temperature using laser photodissociation mass spectrometry and 
structurally diagnostic ion-m olecule reaction kinetics. The C5H 5N -C H 3+ (m /z  94), 
C5H 5N -CD 3+ (m /z 97), and C5D 5N -C H 3+(m/z 99) isotopologues are investigated, and it 
is shown that the N-methylpyridinium ion photodissociates by the loss of methane in the 
36 000 — 43 000 cm-1 (280 — 230 nm) region. The dissociation likely occurs on the 
ground state surface following internal conversion from the S1 state. For each 
isotopologue, by monitoring the photofragmentation yield as a function of photon 
wavenumber, a broad vibronically featured band is recorded with origin (0—0) transitions 
assigned at 38 130, 38 140 and 38 320 cm-1 for C5H 5N —CH 3+ C5H 5N-CD3+ and 
C5D 5N —C H 3+, respectively. With the aid of quantum chemical calculations (CASSCF- 
(6,6)/aug-cc-pVDZ), most of the observed vibronic detail is assigned to two in-plane ring 
deformation modes. Finally, using ion—molecule reactions, the methane coproduct at m /z  
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The gas-phase photodissociation action spectroscopy of protonated quinoline and isoquinoline cations 
(quinolineH+ and isoquinolineH+) is investigated at ambient temperature. Both isomers exhibit v ibronic 
detail and wavelength-dependent photoproduct partitioning across two broad bands in the ultraviolet. 
Photodissociation action spectra are reported spanning 370-285  nm and 250 -220  nm and analysed 
with the aid of e lectron ic structure calculations: TD -DFT (CAM-B3LYP/aug-cc-pVDZ) is used for spectra 
simulations and CBS-Q B3 for dissociation enthalpies. It is shown that the action spectra are afforded 
predom inantly by tw o-photon excitation. The first band is attributed to both the S1 — S0 and S2 — S0 
e lectron ic transitions in quinolineH+, with a S1 -  S0 e lectron ic origin assigned at 27 900 cm -1. For 
isoquinolineH+ the S1 — S0 transition is observed with an assigned e lectron ic origin at 27 500 cm -1. 
A separate higher energy band is observed for both species, corresponding to the S3  -  S0 transition, 
with origins assigned at 42100 cm -1 and 42 500 cm -1 for quinolineH+ and isoquinolineH+, respectively. 
F ranck-Condon absorption simulations provide an explanation for some vibrational structure observed 
in both bands allow ing several normal m ode assignments. The nature of the e lectron ic transitions is d is­
cussed and it is shown that the excited states active in the reported spectra should be of pp* character 
with some degree of charge transfer from the hom ocycle  to the heterocycle.
